Síntese, funcionalização e estudos fotofísicos de nanopartículas caroço@casca NaLnF4@NaLnF4 para sensoriamento de temperatura e geração de oxigênio singleto by Rodrigues, Emille Martinazzo, 1988-
                                      
 
UNIVERSIDADE ESTADUAL DE CAMPINAS 
 
INSTITUTO DE QUÍMICA 
 
 
 
 
 
EMILLE MARTINAZZO RODRIGUES 
 
 
 
 
 
 
SYNTHESIS, FUNCTIONALIZATION AND PHOTOPHYSICAL STUDIES OF 
CORE@SHELL NaLnF4@NaLnF4 NANOPARTICLES FOR TEMPERATURE 
PROBING AND SINGLET OXYGEN GENERATION  
 
 
 
 
SÍNTESE, FUNCIONALIZAÇÃO E ESTUDOS FOTOFÍSICOS DE 
NANOPARTÍCULAS CAROÇO@CASCA NaLnF4@NaLnF4 PARA 
SENSORIAMENTO DE TEMPERATURA E GERAÇÃO DE OXIGÊNIO 
SINGLETO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CAMPINAS 
2017 
 
 
 
 
 EMILLE MARTINAZZO RODRIGUES   
 
 
 
 
 
SYNTHESIS, FUNCTIONALIZATION AND PHOTOPHYSICAL STUDIES OF 
CORE@SHELL NaLnF4@NaLnF4 NANOPARTICLES FOR TEMPERATURE 
PROBING AND SINGLET OXYGEN GENERATION 
 
SÍNTESE, FUNCIONALIZAÇÃO E ESTUDOS FOTOFÍSICOS DE 
NANOPARTÍCULAS CAROÇO@CASCA NaLnF4@NaLnF4 PARA 
SENSORIAMENTO DE TEMPERATURA E GERAÇÃO DE OXIGÊNIO SINGLETO 
 
 
Tese de Doutorado apresentada ao Instituto de Química da 
Universidade Estadual de Campinas como parte dos requisitos 
exigidos para a obtenção do título de Doutora em Ciências  
 
 
 
Doctor´s Thesis presented to the Institute of Chemistry of the 
University of Campinas as part of the requirements to obtain the title 
of Doctor in Sciences. 
 
 
 
Supervisor: Prof. Dr. Fernando Aparecido Sigoli 
  
 
 
 
ESTE EXEMPLAR CORRESPONDE À VERSÃO FINAL DA TESE DEFENDIDA 
PELA ALUNA EMILLE MARTINAZZO RODRIGUES, E ORIENTADA PELO PROF. 
DR. FERNANDO APARECIDO SIGOLI 
 
 
 
 
 
 
CAMPINAS 
2017 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 Examination Committee 
 
 
 
 
Prof. Fernando Aparecido Sigoli (Supervisor) 
 
 
 
 
Profa. Ana Maria Pires (FCT – UNESP – Presidente Prudente) 
 
 
 
 
Prof. Lucas Carvalho Veloso Rodrigues (IQ - USP) 
 
 
 
 
Prof. Paulo Cesar de Sousa Filho (IQ - UNICAMP) 
 
 
 
 
Prof. Rene Alfonso Nome Silva (IQ – UNICAMP) 
 
 
 
The records of the thesis defense, containing signatures of the examination committee members, 
can be found as part of the academic life history of the student. 
 
 
 
This copy corresponds to the final version of the PhD 
Thesis defended by EMILLE MARTINAZZO 
RODRIGUES and approved by the Examination 
Committee on August 18th, 2017. 
 
 
 
 
 
 
 
 
 
 
 
 
 “É preciso que eu suporte duas ou três larvas se quiser conhecer as borboletas.” 
Antoine de Saint-Exupéry – O pequeno príncipe 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To my parents, who worked hard to give me the most valuable legacy one may have: 
knowledge. 
 
 Acknowledgments  
 
First, I would like to thank God. For my healthy, for my family, for my friends, for all the 
opportunities He gave me, for making this dream come true. For everything. 
I would like to thank my mother, Elaine and my father, Daniel, for their support, for taking care 
of me, for giving me everything and for working so hard all the time and above all the 
difficulties of life so I could get here. 
When I first started working with lanthanide materials, Prof. Fernando Sigoli was the first 
person to make me feel attracted towards the “shining elements” and since then, he still makes 
me feel that way about every aspect of this amazing area of chemistry. So, I own to him a very 
special thanks for being my supervisor, my “scientific father”, for being a great friend, for 
teaching me in many scientific and personal aspects, for believing in me even when I did not 
believe in myself. For all the encouragement to improve my work every opportunity and in 
every way that was possible, for being present and helpful trough this project, for working hard 
by my side, to get me here, and above all, for having patience with me during this 9 years as 
my supervisor. 
I would also like to give a special thanks to a very special person, Diogo. Who was a great 
helper within this thesis, with reactions and measurements, with Rose Bengal, with opinions, 
discussions, with words of encouragement, with cakes, chocolate, ice creams, dinners, all sorts 
of foods, for also believing in me, in my work and for always pushing me to be a better person, 
a better scientist. Thank you. 
To my friends, Josi and Naiara, I would like to thank for all the talking/eating/crying involved 
in our daily routine in the lab or outside it. For being there for me when I needed, for having 
kind words and comforting hugs in times of crisis. I would also like to thank Cris, for being 
present since 2007, when we first became friends. I thank Gabi for the amazing friendship and 
for the essential help with all the beautiful figures and schemes for presentations, papers, this 
thesis. To Carol, Flavia and Isabela, my special thanks for the help with the synthesis, 
conversations and discussions and for the friedship. 
I would also like to thank the colleagues from the present LMF, the friends from the past LMF 
(Jorge, Rafael, Ernesto), the colleagues from other labs and Prof. Italo Odone Mazali. 
 I thank the staff from the Institute of Chemistry: Cláudia Martelli, Milene Martins, Sônia, Bel 
and Douglas Soares for the help with the measurements, analysis and paperwork. 
I thank my family and friends: aunt Eliana, Geovana, Jamila, Carol, Thaissa, aunt Dinah (who 
was also my very efficient and patient English teacher), all my aunts and uncles. I thank my 
grandmother Maria do Carmo, a woman of strength, faith and my inspiration. I thank Maria da 
Penha, Vânia, Taise, Neuza, Vanessa, Selio, Webster, Daniel, Thiago, Téo, my very special 
friends. 
I thank all the people who contributed directly or indirectly to this work. 
I thank Unicamp, the Institute of Chemistry, Multiuser Laboratory of Advanced Optical 
Spectroscopy (LMEOA), National Laboratory of Nanotechnology (LNNano) for the disposal 
of the infrastructure.  
I thank CNPq, for the scholarship, INOMAT, CAPES and Fapesp for the financial support. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Abstract 
This thesis describes the synthesis, structural and photophysical characterization of luminescent 
NaLnF4@NaREF4, with the compositions: NaYbF4:Gd:Tm:Ho and NaGdF4:Pr:Er:Yb. These 
nanoparticles (Ln-UCNP) present visible emission through the absorption of lower energy 
photons (980 nm) followed by emission of higher energy photons (UV-Vis), a phenomenon 
known as upconversion (UC). The method used for the synthesis of Ln-UCNP was the thermal 
decomposition of metal precursors in solvents with high boiling points. This method was 
modified in order to obtain a better control over the crystalline phase and morphology of the 
Ln-UCNP obtained. Since for these fluorides the doped lanthanides in the hexagonal phase (β) 
have a higher emission intensity, we tried to improve the synthesis to obtain the pure β-phase 
with controlled morphology, which is not trivial depending on the Ln-UCNP composition. 
Using lanthanide chlorides as precursors, the addition temperature of the sodium precursor had 
a great influence on the morphology of Ln-UCNP. The change of the precursors to lanthanide 
trifluoroacetates, the choice of the time for the addition of the sodium precursor and the precise 
control over the reaction temperature and time resulted into the pure α or β- Ln-UCNP. The 
core@shell Ln-UCNP were also synthesized by a modified methodology, where the addition 
of the shell precursors was done in several steps resulting in the desired hierarchical structuring, 
proved by EDS/TEM. The resultant core@shell Ln-UCNP had the surface functionalized 
directly with the Rose Bengal (RB) photosensitizer. The UC emission overlaps with the 
photosensitizer absorption, which allows the indirect excitation of the PS in a region where the 
absorption and scattering of the radiation in the biological tissues are low. The production of 
1O2 through the indirect excitation of RB bound to the surface of Ln-UCNP shows the potential 
application of these systems in Photodynamic Therapy (PDT). In addition, all Ln-UCNP 
compositions had their luminescence intensities measured with temperature variation, and 
showed values of relative sensitivities in the same order of magnitude or higher than similar 
systems, showing the potential application in nanothermometry. The magnetic properties of the 
synthesized Ln-UCNP were also studied and compared between the different Ln-UCNP 
compositions before and after the shell deposition. The saturation magnetization values 
obtained were very high compared to traditional magnetic Fe3O4 samples. Considering the 
luminescent and magnetic properties of these systems, it is evident the potential of their 
application as multifunctional platforms. 
 
 
 Resumo 
 
Esta tese descreve a síntese e caracterização estrutural e fotofísica de nanopartículas 
luminescentes de NaLnF4@NaREF4, com as composições: NaYbF4:Gd:Tm:Ho e 
NaGdF4:Pr:Er:Yb. Estas nanopartículas (Ln-UCNP) apresentam emissão no visível através da 
absorção de fótons de menor energia (980 nm) seguida de emissão de fótons de maior energia 
(UV-Vis), fenômeno conhecido como conversão ascendente de energia (UC). O método 
utilizado para a síntese das Ln-UCNP foi a decomposição térmica de precursores metálicos em 
solventes com alto ponto de ebulição. O referido método foi modificado visando a um controle 
mais preciso da fase cristalina e da morfologia das Ln-UCNP obtidas. Visto que para estes 
fluoretos, os lantanídeos dopados na fase hexagonal (β) possuem maior intensidade de emissão, 
buscou-se aperfeiçoar o método de síntese para obtenção da fase β, com morfologia controlada, 
o que não é feito de maneira trivial. Utilizando cloretos de lantanídeos como precursores, a 
temperatura de adição do precursor de sódio teve uma grande influência na morfologia das Ln-
UCNP. A troca dos precursores por trifluoracetatos de lantanídeos, o controle preciso da 
temperatura, tempo de reação e momento de adição do precursor de sódio, levaram à obtenção 
das fases cristalinas cúbica (α) ou hexagonal (β). As Ln-UCNP caroço@casca foram 
sintetizadas também por uma metodologia modificada, onde a adição dos precursores da casca 
foi feita em várias etapas resultando na estruturação hierárquica desejada, provada por 
EDS/TEM.  As Ln-UCNP resultantes tiveram a superfície funcionalizada diretamente com o 
fotosensibilizador Rose Bengal (RB), uma vez que a emissão de UC se sobrepõe à absorção do 
fotosensibilizador, permitindo a excitação indireta do mesmo em uma região onde a absorção e 
espalhamento da radiação nos tecidos biológicos é baixa. A produção de 1O2 através da 
excitação indireta do RB ligado à superfície das Ln-UCNP demonstra a potencial aplicação das 
mesmas como plataformas para Terapia Fotodinâmica (PDT). Além disso, todas as 
composições de Ln-UCNP tiveram as suas intensidades de luminescência medidas com a 
variação da temperatura, e apresentaram valores de sensibilidades relativas na mesma ordem 
de grandeza ou maiores do que sistemas similares, evidenciando a potencial aplicação em 
nanotermometria. As propriedades magnéticas das Ln-UCNP sintetizadas também foram 
estudadas e comparadas entre as diferentes composições, antes e após a deposição da casca. Os 
valores de magnetização de saturação obtidos foram altos em comparação com amostras de 
Fe3O4. Tendo em vista as propriedades luminescentes e magnéticas destes sistemas, evidencia-
se a potencialidade de aplicação dos mesmos como plataformas multifuncionais. 
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Lanthanide-doped Luminescent Nanoparticles 
The phenomenon called luminescence is defined as a spontaneous emission from an 
electronically excited species (luminophore) or from a vibrationally excited species not in 
thermal equilibrium with its environment1. Some examples of luminophores are organic 
molecules, metallic complexes, quantum-dots and lanthanide-doped nanoparticles. 
Lanthanide (Ln3+)-doped nanoparticles are among the most studied luminescent materials 
nowadays, due to the peculiar emission properties of these ions. The electronic structure of the 
Ln3+ is described as: [Xe]5s25p64fn-1 and the spectroscopic properties are due to the internal 4fn-
1 electrons. Therefore, the influence of the crystal field on these electrons is minimal and the 
main consequences of this shielding are the very narrow emission bandwidth and the 
characteristic band positions for each Ln3+, independently on the chemical environment where 
it is placed. Besides that, the high atomic mass of this elements makes the spin-orbit coupling 
very strong, which added to the strong electronic repulsion leads to the splitting of the energy 
levels into the spectroscopic terms 2S+1LJ
2. The crystal and magnetic fields can also influence 
the J splitting, resulting on the mJ levels. Figure 1.1 shows the order of magnitude of 
intereletronic repulsion, spin-orbit coupling and crystal field/magnetic repulsion into the 
electronic configuration of Ln3+ ions.  
 
Figure 1.1: Illustration of the magnitude of energy level splitting of Ln3+ ions by the 
interelectronic repulsion, spin orbit coupling and crystal/magnetic field3. 
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Figure 1.2 shows the energy level diagram resulting from the spin-orbit coupling for the 
lanthanides from Ce3+ to Yb3+, with the emitting levels highlighted2.  
 
 Figure 1.2: Energy level splitting for the 4f levels of Ln3+ from Ce3+ to Yb3+ doped into LaF3 
adapted from Eliseeva et al4. 
Electronic transitions between these levels are strictly forbidden by the Laporte’s (parity) 
selection rule, leading to low molar absorption coefficients for direct excitation on the ion. The 
resulting emission bands are sharp, and as minimal as the crystal field influence is, it is 
important enough to allow that the selection rules are not rigorously satisfied. Nowadays, the 
use of high power tunable lasers can overcome possible drawbacks from the low absorption 
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cross section of the excitation, which allows performing the excitation directly to the lanthanide 
energy levels. The influence of the crystal field on the emission spectra appears only at the mJ 
splitting and on the relative intensity of the emission bands but the shift of the emission bands 
energy is very low, which means that each lanthanide ion has its emission spectra almost like a 
“fingerprint”. Such characteristics opens the possibility of study and apply its spectroscopic 
properties in any lanthanide-containing material. 
One of the interesting spectroscopic features of the Ln3+-doped nanoparticles is the 
upconversion (UC) phenomenon. The process is an anti-Stokes emission that was first 
described by Auzel5, in 1966 for solids containing lanthanide and transition metals. In the UC 
emission process, the sequential absorption of lower energy photons, usually in the NIR region 
of the spectra, results in the emission of one photon at UV-Visible range. The ladder-like energy 
levels distribution of the Ln3+ (Figure 1.2) favors the occurrence of this phenomenon, in Ln3+-
doped solids. The UC may occur involving the energy levels of only one ion (activator), or by 
energy transfer from a sensitizer and an activation ion. The following Figure 1.3 shows the 
basic mechanisms involved on this emission process.  
 
(a) 
 
(b) 
 
 
(c) 
Figure 1.3: Basic mechanisms involved in the upconversion emission process of lanthanide ions. (a) 
Ground State Absorption – GSA, Excited state absorption – ESA, (b) Energy Transfer 
Upconversion – ETU, (c) Cooperative Energy Transfer – CET . S is the sensitizer ion and A is the 
activator5. 
In a Ln3+-doped solid, the mechanisms involved in the UC emission may be suggested by 
the analysis of the power law proposed by Pollnau et al6. It is a simple model that shows de 
dependence of the UC luminescence excited by a sequential absorption of n photons with the 
absorbed pump power. The following Equation 1.1 describes the power law: 
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𝐼 = 𝑃𝑛  (1.1) 
Where, I is the luminescence intensity, P is the laser power and n is the number of absorbed 
photons. The angular coefficient of a linear fitting from the log-log plot of the UC emission 
intensity (I) versus the laser power (P) results in the number (n) of absorbed photons for each 
emitted photon. For any system, one may obtain P0 to Pn depending on the power density that 
has been used for the samples excitation. With the n value for a specific Ln3+ emission and 
analyzing the energy levels of the sensitizer and activator Ln3+ ions, it is possible to suggest 
which mechanisms (Figure 1.3) can be used to explain the UC emission. However, the precise 
attribution of which one of the mechanisms that are involved in a specific UC emission can 
only be achieved by performing UC emission lifetime measurements. Due to the nature of 
sequential absorption of NIR photons, the UC phenomenon is more commonly described, but 
not restricted to Ln3+-doped inorganic nanoparticles, where the probability of non-radiative 
decay routes are lower than in Ln3+ complexes systems.  
Lanthanide-doped nanoparticles are composed by an inorganic matrix where normally 
small amounts of Ln3+ replaces the cations from the matrix in the lattice, characterizing a 
substitutional doping. The appropriate choice of the matrix is crucial for the luminescent 
properties of these nanoparticles: it has to be optically transparent and with low phonon energy, 
which will decrease the probability of non-radiative decay routes for the excited Ln3+. The most 
used matrixes are lanthanide oxides7, vanadates8 and tungstates9, oxyfluorides10, fluorides11,12 
and specially NaLnF4. The very low phonon energy, thermal and chemical stability, the 
diversity of methods to synthesize fluoride nanoparticles that can have its surface easily 
functionalized are some of the many advantages of using Ln3+-doped NaLnF4 as luminescent 
materials. The application of these systems as thermometric sensors12, fingerprint recognition13, 
energy donors in Fluorescence Resonant Energy Transfer (FRET) systems14, nanocarriers15 and 
bioimaging fluorescent markers16 is widely described on the literature. Lately, these lanthanide 
nanofluorides are also being used as multimodal nanoprobes17, by taking advantage of both the 
optical and paramagnetic properties of the Ln3+ ions. 
The NaLnF4 is known to crystallize into cubic (α) or hexagonal (β) crystalline phases. 
Considering the F- as immediate neighbors, in the α-NaLnF4, the Ln3+ is placed into a cubic site 
with Oh symmetry, while in the β-NaLnF4 phase the lanthanide is placed into a site with C3h 
symmetry18. Figure 1.4 shows the unit cell of each crystalline phase, adapted from Wang et al19. 
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Cubic-α 
 
Hexagonal-β 
Figure 1.4: Unit cell representation of α-NaLnF4 (a) and β-NaLnF4 (b) crystalline phases, 
showing the Ln3+(=RE3+) site location, adapted from Wang et al19. 
For luminescence purposes, the distortion of the crystalline field around the Ln3+ caused 
by a non-centrosymmetric ligand distribution, favors a high emission intensity. Such distortions 
will allow the mixing between wavefunctions of different parity (5d with 4f), relaxing the 
Laporte (parity) selection rule20. From Figure 1.4, it is possible to notice that the Ln3+ doped 
into the β-NaLnF4 phase is placed on a site with lower symmetry (C3h) than the Ln3+ doped into 
the α-NaLnF4. For this reason, Ln3+-doped β-NaLnF4 nanoparticles are expected to have higher 
emission intensity than the Ln3+-doped α-NaLnF4 nanoparticles. The stability of the NaLnF4 in 
the α or β crystalline phase will depend on the nature of the Ln3+ ions and also on the molar 
proportion between Na+:Ln3+. The Ln3+ with larger ionic radii (from La3+ to Gd3+) have a 
tendency to crystallize into the β-NaLnF4 while the Ln3+ with smaller ionic radii (from Tb3+ to 
Lu3+ and the rare earth Y3+) have a tendency to crystallize into the α-NaLnF4, as shown in Figure 
1.5. 
 
           Hexagonal-β                                                                                 Cubic-α 
Figure 1.5: Variation of the Ln3+ ionic radius and polarizability through the lanthanide series 
and general trend from cubic to hexagonal crystalline phase19. 
The NaLnF4 systems can also be described as a binary eutectic mixture between NaF-
LnF3
21. The following Figure 1.6 shows the equilibrium phase diagrams of the binary NaF-LnF3 
systems from Ln = La to Lu, described by Thoma et al21. 
(a) (b) 
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Figure 1.6: Phase diagram of the NaF:LnF3 binary eutectic mixtures, showing the β-NaLnF4 phase 
stability at a very narrow range of compositions around NaF · LnF3. The diagonally hatched areas 
are the range of compositions for the α-NaLnF4 phase stability. Adapted from Thoma et al21. 
According to Thoma et al, for all the NaF:LnF3 systems, the β-NaLnF4 phase is stable 
in the range of compositions below the NaF:LnF3 proportion of 1:1, marked in the phase 
diagram as a purple hatched area. The lower NaF contents (5NaF · 9LnF3) leads to the 
stabilization of the α-NaLnF4 phase in a range of compositions that are indicated as the 
diagonally hatched area. Therefore, the use larger ionic radii Ln3+ and sodium excess during the 
synthesis, is expected to drive the crystallization of NaLnF4 as β-NaLnF4 nanoparticles. 
As mentioned previously, there are many methods to synthesize β-NaLnF4 nanoparticles: 
co-precipitation22, hydrothermal23 and thermal decomposition24,25 synthesis. The formation 
mechanism of these nanoparticles can be different depending on the method and on the Ln3+ 
precursor that is used, that can be lanthanide chlorides (LnCl3 · H2O), acetates 
([Ln(CH3COO)3]) or trifluoracetates ([Ln(CF3COO)3]). 
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At the thermal decomposition method in high boiling point solvents, the Ln3+ precursors 
decomposes in a solvent mixture that is usually composed by oleic acid, octadecene and 
oleylamine, at temperatures near 300 °C. When molecular precursors are used, small nuclei of 
the α-NaLnF4 phase are formed first, and as the reaction proceeds, the small α-NaLnF4 rapidly 
dissolves, leading to the precipitation of the β-NaLnF4 nanoparticles. The growth mechanism 
by this method can be described as the Ostwald Ripening process between two different 
crystalline phases and was extensively studied by the group of Haase et al26,27. The authors 
proposed the following growing mechanism for the α to β phase transformation: As the 
precursor decomposes, the first nuclei of the α-NaLnF4 are formed from the monomers released 
into the solution. With the course of the reaction, the first nuclei of the most stable and less 
soluble β-NaLnF4 starts to precipitate. From the moment the monomers concentration in the 
solution decreases, the smaller α-NaLnF4 nuclei starts to release the monomers into the solution. 
The larger β-NaLnF4 particles consume these released monomers, growing in expense of the 
smaller α-NaLnF4 ones, until the smaller ones finally dissolves completely, resulting in the pure 
β-NaLnF4 nanoparticles. To control the Ostwald ripening process and to obtain monodisperse 
nanoparticles size distribution, it is important to maintain a high supersaturation condition of 
the monomers into the solution to form the first α-NaLnF4 nuclei. The nucleation and growing 
process of nanoparticles from released monomers into the solution is shown in Figure 1.7.  
 
Figure 1.7: Representation of the nucleation and growth process for nanoparticles as a function 
of the monomers concentration into the solution. Step 1 is the accumulation, Step 2 the 
nucleation and Step 3 the growth of the nanoparticles.  
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The nucleation and growth mechanism of nanoparticles is very similar regardless their 
composition and as shown in Figure 1.7 may be divided into 3 main steps. At the beginning of 
the reaction, the decomposition of the precursors release the monomers into the solution (Step 
1 - Accumulation) until a supersaturation condition is achieved, and starts the formation of a 
large number of small nuclei (Step 2 – Nucleation). When the monomers concentration into the 
solution decreases, the growth of the smaller nuclei starts (Step 3 – Growth). From this 
mechanism, it is clear that at the nucleation stage, it is necessary to keep the monomers 
concentration into the solution higher than the minimal concentration necessary to start the 
precipitation. It is a challenge to keep the monomers release into the solution in a rate to achieve 
the supersaturation condition. This can be achieved by the careful choice of the precursors and 
of the moment that these precursors are added into the reaction vessel.  
The precise control over the synthesis of α or β-NaLnF4 nanoparticles will reflect directly 
into the luminescent properties of these systems. A core@shell nano-structuration may improve 
the luminescent properties of Ln3+-doped NaLnF4 nanoparticles. A shell covering over the core 
can protect the doped-Ln3+ in the core from non-radiative decay routes provided by defects of 
the crystalline structure (such as dangling bonds) or by the vibration of organic stabilizing 
molecules/water molecules close to the nanoparticles surface. Due to this effect of the shell 
covering into the luminescent properties, this is a very interesting approach to improve UC 
emission intensity of Ln3+-doped upconversion nanoparticles (Ln-UCNP), and it may have 
some influence on the mechanisms by which these emissions occur. 
 
Magnetic properties of lanthanide ions 
In the previous section, the basics of some spectroscopic properties of the lanthanide ions 
doped into nanoparticles were given. However, the 4fn electrons also give to these ions some 
interesting magnetic properties. When lanthanide ions (Ln3+) are placed into a crystal field, the 
splitting of mJ levels (see Figure 1.1 on the previous section), leads to the ground state electronic 
distribution to be split between the lowest energy mJ. This splitting depends on the crystal field 
symmetry and it is the intrinsic free-ion anisotropy found on lanthanide ions. This anisotropy 
results into different spatial electronic distribution of the 4fn electrons for each lanthanide ion, 
as shown in Figure 1.8 (adapted from Rinehart et al28). 
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Figure 1.8: Quadrupole approximation of the 4fn electron distribution for Ln3+. Adapted from 
Rinehart et a.l28 
As one can see in Figure 1.8, some Ln3+ have an equatorial elongated (oblate) shape of the 
electronic distribution. Ce3+, Pr3+, Tb3+ and Dy3+ are the ones with the highest oblate 
anisotropies. However, Sm3+, Tm3+ and Yb3+ are examples of an axially elongated (prolate) 
shape of the electronic distribution. 
The immediate consequence arising from this anisotropy is that the geometry of the ligands 
or immediate neighbors of the lanthanide ions that are necessary to maximize the magnetic 
anisotropy (by minimizing the energy of the lowest mJ) will be very different for each type of 
lanthanide. The ones with oblate anisotropy will require an electronic density above and below 
the oblate plane, in a sandwich-type geometry, while the ones with prolate anisotropy will be 
stabilized by an equatorial distribution of ligands. In any case, as more pronounced is the oblate 
or prolate character of the lanthanide anisotropy, the better its magnetic properties are. 
Using this information, the design of lanthanide containing complexes with good magnetic 
properties is based on the charge distribution and coordination modes of the molecules used as 
ligands. In the case of inorganic-doped host matrices, like NaLnF4, the site symmetry where the 
lanthanide ion is placed is important to stabilize the anisotropy. As shown in Figure 1.4, the 
NaLnF4 crystallizes into cubic (α) or hexagonal (β) crystalline phases, and in the α-NaLnF4, the 
Ln3+ is placed into a cubic site with Oh symmetry, while in the β-NaLnF4 phase the lanthanide 
is placed into a site with C3h symmetry
18.  
Looking at the F- distribution, represented in Figure 1.4 for each one of the NaLnF4 
crystalline phases, one may observe that the α-NaLnF4 (Figure 1.4a) has the F- charge 
distribution above and below the Ln3+. Using such a charge distribution, it is expected that 
lanthanide ions with an oblate-type anisotropy, such as Ce3+, Pr3+, Tb3+ and Dy3+ should have 
their natural anisotropy stabilized. Therefore, reasonable magnetic properties are expected for 
this crystalline phase. However, for the β-NaYF4, the charge distribution around lanthanide ions 
does not favor neither oblate nor prolate anisotropies and such non-symmetrical distribution 
could lead to mJ mixing, worsening the magnetic properties compared to the α-NaLnF4. There 
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is a lack of experimental information on the literature regarding the comparison between the 
magnetic properties of α and β-NaLnF4, as these systems are usually synthesized only as the β-
NaLnF4, that is the best crystalline phase for luminescent materials. 
In order to evaluate the magnetic properties of any material, some basic magnetic 
measurements can be performed for the samples in solid state form. All materials can be 
classified into diamagnetic or paramagnetic29. Diamagnetic materials contain paired electrons 
(spins), therefore they will weakly repel an applied magnetic field. The presence of unpaired 
electrons (spins) defines a paramagnetic material, which will attract an applied magnetic field 
due to the alignment of the spins with the applied field. The measurement of the magnitude of 
the magnetic response of a diamagnetic or a paramagnetic material is the magnetization (M), 
defined as: 
𝑀 =  𝜒 ∙ 𝐻  (1.2) 
Where M is the magnetization, χ is the magnetic susceptibility, which is an intrinsic property 
of each material, and H is the applied field. 
Paramagnetic materials may have different magnetic ordering, that can be observed below 
a certain temperature, called Curie temperature (Tc) for ferromagnetic and ferrimagnetic 
ordering, and Néel temperature (TN) for anti-ferromagnetic ordering. The evaluation of the type 
of magnetic ordering present in a paramagnetic material can be obtained from Zero Field 
Cool/Field Cool (ZFC/FC) experiment.  On this measurement, the sample is cooled to the 
minimal temperature allowed for the experimental setup (usually 2 or 4 K) in the absence of a 
magnetic field. After this step, a fixed magnetic field is applied (usually 100 Oe) and the sample 
is heated under the magnetic field until it reaches room temperature and cooled again, still in 
the presence of the magnetic field. The profile of the magnetic susceptibility (or the 
magnetization) with the temperature will be different for paramagnets, ferromagnetic and anti-
ferromagnetic materials, as shown in the following Figure 1.9. 
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(a) 
 
(b) 
 
(c) 
Figure 1.9: Variation of the magnetic susceptibility (χ) with the temperature for: (a) a 
paramagnetic material, (b) a ferromagnetic material, (c) anti-ferromagnetic material. 
The different profiles from the magnetic susceptibility versus temperature curves shown in 
Figure 1.9 are a consequence of the different types of interaction between the magnetic domains 
of the material. For paramagnetic materials, the unpaired spins are isolated from each other, 
and consequently no interaction is observed between them. For ferromagnetic and anti-
ferromagnetic materials there is a cooperative behavior between the magnetic domains within 
the sample, that interact with each other, giving rise to the profiles shown in Figures 1.9b and 
c.  
Some very small paramagnetic materials may have a ferromagnetic behavior below a certain 
blocking temperature, and are classified as superparamagnetic materials. The temperature at 
which the magnetic susceptibility profile is changed is called blocking temperature (TB). 
In order to evaluate this behavior, the measurement of the magnetization as a function of 
the applied field at a very low temperature (2 or 4 K) can be performed. The resulting curve is 
called the magnetization curve curve, and a general example of its shape for a paramagnetic or 
for a superparamagnetic material is shown in Figure 1.10. Usually the shape and the saturation 
values of this curves are analyzed.  
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Figure 1.10: Magnetization curve for a paramagnetic (pink) and for a superparamagnetic (dark blue) 
material. Magnetic saturation (Ms), remnant magnetization (Mr) and coercivity are indicated. 
 
With the increase of the applied magnetic field in a direction (0 to the a point in Figure 
1.10), the samples magnetization increases until a maximum value called magnetic saturation 
(Ms) is achieved, where the spins of all the magnetic domains of the sample are aligned with 
the applied magnetic field. When the applied field is removed, a paramagnetic material has its 
magnetization decreased overlapping with the curve of the increase magnetization (pink curve 
at Figure 1.10). However, for a superparamagnetic material , the decrease of the magnetization 
follows a different profile (from a to b direction indicated in Figure 1.10), and the point b 
indicated in Figure 1.10, the Mr value is the remnant magnetization when the applied field is 
zero. Cycling the measurement over different directions of the applied field, will result in a loop 
opening profile of the magnetization curve, with a coercivity that is not present for a 
paramagnetic material. The presence of a large coercivity into the hysteresis curve shows that 
the material have slow relaxation of the magnetization at low temperatures, resulting in a 
material that may be used as magnetic memory for high density data storage.  
Another example of the application of the lanthanides magnetic properties is the T1 contrast 
agent Gd-DOTA30. The high number of unpaired electrons on Gd3+ results into a high magnetic 
moment, which greatly improves its ability to shorten the longitudinal relaxation time of 
surrounding protons (T1 contrast agent). Gd
3+ containing complexes and nanoparticles are 
extensively studied for this purpose31. Lately, some Dy3+-doped fluoride nanoparticles are also 
being explored as MRI contrast agents, shortening the transversal relaxation time of protons (T2 
contrast agents)32. It has also been reported the combination of both T1 and T2 contrast agents 
using Ln3+-doped nanoparticles33. 
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As far as we are concerned, there are no works describing the use of lanthanide containing 
fluoride nanoparticles for memory storage, magnetic refrigeration and magnetic hyperthermia 
due to the lack of slow relaxation (coercivity) of the magnetization at lower temperatures. 
Neither are any description on possible differences on magnetic behavior between α and β-
NaLnF4 nanoparticles. Holmberg et al
34 described the magnetic properties of a series of 
paramagnetic-doped NaYF4 nanoparticles, and observed no superparamagnetic behavior, no 
looping-opening phenomena or coercivity, but high magnetic saturation value (50 emu/g), 
demonstrating the viability of this nanoparticles for T2 MRI contrast agents,  and as magneto-
luminescent systems. The magnetic properties of α and β-NaLnF4 nanoparticles as well as of 
core@shell β-NaLnF4@NaLnF4 nanoparticles will be presented within this thesis. 
Selected applications for Ln3+-doped UC NaLnF4 nanoparticles 
Due to the very interesting characteristics of NIR excitation/UV-Vis emission and 
magnetic properties of the Ln3+-doped upconversion NaLnF4 nanoparticles, the use of these 
systems for biological applications is very interesting. The optical absorption of biological 
pigments present on the human skin at the NIR range is much lower than in the UV-Visible 
range. Figure 1.11 shows the molar extinction coefficient for some of these pigments at the UV-
Vis-NIR range of wavelength. Besides that, the low energy NIR excitation also have a high 
penetration depth into the human skin, as shown in Figure 1.12 and very low photodamadge 
when compared to a UV excitation source.  
 
Figure 1.11: Absorption spectra at the UV-Vis-NIR range for the main pigments containing 
into the human skin: Hemoglobin (Hb), Hemoglobin-O2 (Hb-O2), Bilirubin and DOPA-
melanin. Note the change on the vertical scale from 700 to 1200 nm. Adapted from Anderson 
et al35. 
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Figure 1.12: Illustration of the penetration depth of different wavelengths into the human skin. 
Adapted from Dabrowski et al36. 
These data shows that the use of visible or NIR  UC properties resulting of NIR 
excitation of the nanoparticles is very promising for many biological purposes37. Magnetic 
properties of Ln3+ containing nanoparticles are also described as very interesting for T1/T2 MRI 
contrast agents37. Besides that, the easy functionalization of the nanoparticles surface with 
targeting molecules and therapeutic agents opens many possibilities of using these systems as 
theranostic nanoplatforms for light based therapies, mainly in cancer theranostic16.  
Regarding light-based therapies, photodynamic therapy (PDT) is one that uses the light 
to excite molecules known as photosensitizers (PS) which produce reactive species of oxygen, 
such as 1O2 and oxygen radicals. Figure 1.13 shows the basic mechanism of 
1O2 generation by 
a photosensitizer molecule. 
 
Figure 1.13: Singlet oxygen (1O2) generation by a photosensitizer (PS) molecule. 
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These chemical species are very toxic for both healthy and cancer cells. However, the 
localized 1O2 production by a PS and the low lifetime of 
1O2 in the biological media increase 
the specificity of this type of therapy. Rose Bengal (RB) and molecules from porphyrins and 
phthalocyanines classes are examples of PS with high quantum yield for 1O2 generation
38. The 
PDT therapy is a widespread modality of therapy already used in patients with skin cancer and 
other infectious diseses39. Some molecules of the phtalocyanine class are included in 
commercially available drugs for PDT already used in clinical trials40. 
The drawbacks in using these molecules are their low solubility in biological media, 
their lack of photostability and the excitation wavelength to induce 1O2 generation is usually in 
the UV-Vis range of the spectra. The association of PS with water dispersible Ln-UCNP that 
emits at the PS absorption range may improve both issues and this was one of the main goals 
of this thesis. It is important to maximize the UC emission intensity of the Ln3+ ions doped into 
the Ln-UCNP, and protect them from non-radiative decay routes, mainly at the nanoparticles 
surface. The most common approach to do that is to use a suitable matrix and synthesize them 
as core@shell hierarchical nanostructures.41,42,43 Liu et al44 demonstrated the 1O2 generation 
using Er3+ upconversion green emission on NaYF4:Er:Yb UCNP to excite indirectly the 
covalently assembled RB molecules at UCNP surface. Wang et al45 studied core@shell samples 
of the same type, using an inactive NaYF4 shell. They evaluated the influence of the shell 
thickness in the energy transfer from Er3+ to RB molecules at the core@shell surface and found 
out that a shell thickness larger than 6 nm is not effective neither to enhance the UC emission 
intensity nor to improve the energy transfer from Er3+ to RB molecules. 
Thermal sensing using Ln-UCNP have also been extensively studied, mainly using 
NaYF4 UCNP doped with Er
3+, Tm3+, Ho3+ and also Nd3+ ions using Yb3+ as the sensitizer46,47. 
It is possible to monitor the intensity ratio between two emission bands48 and even the emission 
lifetime49 of different Ln3+-doped into matrices as a function of the temperature. It has been 
noted that the use of the intensity ratio of two emission bands is one of the most attractive 
strategies, as it provides a self-referencing system that has low influence of the excitation 
intensity or other external parameters.50 Figure 1.14 shows a comparison between the maximum 
relative sensitivities (Sm) of luminescent thermometric systems.   
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Figure 1.14: Maximum relative thermal sensitivities (Sm) values of single (filled symbols) and 
dual center (open symbols) thermometers. Ionic crystals (up triangles), molecular systems 
(circles), MOFs (squares), UCNP (down triangles) and NIR NP (diamonds). Adapted from 
Brites et al51. 
 
The Ln3+ based systems have their Sm values between 0.1 and 10 % K
-1, but specially 
for UCNP, they can cover a wide range of temperatures. As the ratio variation between the UC 
emission bands depends not only on the energy transfer between the Ln3+ doped ions but also 
on the non-radiative processes, the crystalline phase, size and the surface of the UCNP can have 
a significant influence on the temperature sensitivity. 
 
Objectives 
Considering all the aforementioned possible applications for Ln-UCNP, the present 
thesis had two main objectives. 
1) Obtain core@shell Ln-UCNP functionalized with a photosensitizer (PS) molecule for 
PDT. The chosen PS was the Rose Bengal molecule, that could be indirectly excited by the UC 
emission of the nanoparticles after NIR irradiation. Figure 1.15 illustrate the Ln-UCNP system 
idealized. 
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Figure 1.15: Illustration of the UCNP system idealized on this thesis for PDT. 
 
The advantages of such system are: 
- The improvement on the PS uptake and dispersibility in the biological media compared 
to the pure PS molecule; 
- The higher penetration depth of NIR irradiation into the human skin compared to the 
UV-Visible radiation usually used for the excitation of the PS molecules (Figure 1.12). Besides 
that, the molar extinction coefficient of the biomolecules present in the human skin is very low 
at this spectral range (Figure 1.11); 
- Due to its low energy, the photo damage to the human skin upon NIR excitation is 
minimal, compared to the UV-Visible excitation; 
- The possibility of the nanoparticles surface functionalization with targeting molecules, 
may improve even further the specificity of the PDT. 
 
2) Obtain nanoparticles systems for ratiometric temperature sensing using Er3+ or Tm3+ 
upconversion emissions on core and core@shell Ln-UCNP, in a wide range of low 
temperatures, as shown in the following Figure 1.16. 
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Figure 1.16: Illustration of the UCNP system idealized on this thesis for thermal sensing. 
The advantages of using Ln-UCNP for temperature sensing purposes is their high 
chemical and thermal stability in a wide range of temperatures. For nanoparticles usually there 
is no crystalline phases changing below 400 °C, which makes their thermometric response from 
cryogenic to physiological temperatures very reproducible. However, their thermal sensitivities 
are usually lower than molecular thermometers and MOFs (Figure 1.14). Nevertheless, the 
thermal properties of these UCNP at the range of very low temperatures above the cryogenic 
range and below the physiological range have been underestimated. The main focus is on the 
physiological range due to the biological applications of these systems, but there is a wide range 
of possibilities to use them for sensing at very low temperatures for aerospace and quantum 
computing purposes. 
Thesis overview 
The motivation for this work started with the possibility to combine the outstanding 
upconversion emission of Ln3+-doped nanoparticles (Ln-UCNP) with the versatility of its 
surface functionalization resulting in a nanoplatform for application in photodynamic therapy 
(PDT), where Ln-UCNP can be used as energy donors in Fluorescence Ressonance Energy 
Transfer (FRET) to photosensitizer molecules at the nanoparticles surface. Another prospect 
for the Ln-UCNP application is temperature sensing in a wide range of temperatures and not 
only the biological one. Added to that, the luminescence resulting from low energy excitation 
(NIR range) makes any Ln-UCNP very interesting systems for bioimaging. As mentioned 
before, besides the already known paramagnetic properties of Gd3+, other Ln3+ have interesting 
magnetic properties either as T2 contrast agents or as SMM. The study of magnetic properties 
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of Ln3+ doped into nanoparticles is mostly concentrated on T1/T2 contrast agents, but it is also 
possible to explore these properties for data magnetic memory devices.  
With the aforementioned possibilities in mind, the challenge of this work was to 
synthesize and characterize Ln-UCNP with high upconversion emission, water dispersibility 
and functionalized with a photosensitizer molecule (Rose Bengal). For this system, the aim was 
to show the proof of concept for temperature sensing and 1O2 generation resulting from the 
upconversion luminescence of the synthesized nanoparticles.  
Within this thesis, it will be described the work performed with two nanoparticles basic 
compositions: the first one is Gd3+/Tm3+/Ho3+co-doped β-NaYbF4. The Ln3+co-doped NaYbF4 
was chosen instead of the commonly used Ln3+-doped β-NaYF4 as an attempt to promote a 
higher excitation absorption at 980 nm resulting in a higher upconversion emission. The Tm3+ 
emissions at 450 and 475 nm can be used for thermal sensing and luminescence bioimaging, 
while the Ho3+ emission at 540 nm can be used for indirect excitation of the Rose Bengal (RB) 
photosensitizer. The second nanoparticles composition was Pr3+/Er3+/Yb3+co-doped β-NaGdF4. 
The use of β-NaGdF4 instead of β-NaYF4 opens the possibility to use the nanoparticles also in 
Magnetic Ressonance Imaging (MRI) due to the paramagnetic properties of Gd3+. The Ln3+ 
doping combination of Pr3+/Er3+/Yb3+ was chosen to maximize the upconversion emission of 
Er3+ at 540 nm for indirect excitation of RB.   
The first step to achieve these goals, consisted on the synthesis of the nanoparticles with 
controlled size, morphology, composition and crystalline phase in order to optimize the Ln3+ 
upconversion emission. This work started with the synthesis of Ln3+-doped β-NaYbF4 by the 
thermal decomposition method in high boiling point solvents, using LnCl3, NaOH and NH4F 
as precursors. Two different approaches of the synthetic methodology were tested in order to 
evaluate the influence of the temperature which NaOH and NH4F precursors are added, on the 
nanoparticles size and morphology. For one of the samples, a white light UC emission resulting 
of the Ln3+ doping combination (Tm3+/Ho3+) was reported on the literature for the first time. 
The description of the synthesis, the nanoparticles structural and luminescent characterization 
as well as the emission properties dependent on the temperature, proving the potential 
applications of these nanoparticles for thermal sensing, are presented in Chapter 2.  
This methodology proved to be very efficient to obtain the nanoparticles on the pure 
hexagonal (β) crystalline phase, but the morphology control was not very efficient. In order to 
obtain the control over both the crystalline phase and morphology, the precursors were changed 
from LnCl3 to [Ln(CF3COO)3] and CF3COONa in the thermal decomposition method. This 
method is extensively used by for the synthesis of NaLnF4 nanoparticles. However, 
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experimental modifications from what is described in the literature were of crucial importance 
to result in the pure cubic (α) or pure hexagonal (β) phase of the nanoparticles. These 
modifications are the novelty of this thesis from what is described on the literature for this 
synthesis. Besides that, the size and morphology control is directly dependent on the 
nanoparticles composition. After studying and optimizing all experimental parameters, the 
modified synthetic methodology, here described, allows controlling each step of the 
nanoparticles growth; the α to β phase transformation, as well as their size in a simple one-pot 
synthesis. The structural and luminescent characterization of the Ln3+co-doped NaYbF4 and 
Ln3+co-doped NaGdF4 nanoparticles in both α and β crystalline phases are presented in Chapter 
3. These samples were tested for thermal sensing and had their magnetic properties measured. 
The comparison of their thermal sensitivities, magnetic saturation and magnetic hysteresis in 
different crystalline phases are also given in Chapter 3. The high thermal sensing obtained for 
these samples as well as the comparison of magnetic properties of these nanoparticles in 
different crystalline phases are unique compared to the literature. 
For thermal sensitivity and magnetic purposes, the core NaLnF4 samples were 
satisfactory, however, in order to enhance the upconversion emission intensities for the desired 
applications in PDT, the synthesis of core@shell NaLnF4@NaREF4 nanoparticles is 
mandatory. In Chapter 4, it is given the work performed on synthesis of core@shell β-
NaYbF4@NaYF4 and β-NaGdF4@NaYF4 nanoparticles. Once again, the experimental 
conditions described on the literature were modified and improved to obtain a homogenous 
coating of the nanoparticles without any phase segregation of the shell precursor. The one-pot 
core@shell synthesis using the approach developed within this thesis have never been 
described in the literature. Besides that, in Chapter 4 it is also described the influence of using 
an optical active or inactive shell covering on the upconversion luminescence intensity. The 
thermal sensing and magnetic properties for the best core@shell system were also measured. 
The best core@shell nanoparticles samples, had the oleate ligands at their surface exchanged 
by HOOC-PEG-NH2 in order to make them water-dispersible and biocompatible. The 
photosensitizer Rose Bengal was bounded chemically at the nanoparticles surface and the 1O2 
generation  was measured by indirect excitation of the RB trough the nanoparticles 
upconversion emission.  
Finally, at the closing Chapter 5 it is given a critical analysis of all the nanoparticles 
samples prepared on this work. It is also provided a conclusion summary and the future 
perspectives for the work developed through this thesis.  
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Chapter 2  
Temperature probing and emission color tuning by 
morphology and size control of upconverting -
NaYb0.67Gd0.30Tm0.015 Ho0.015F4 nanoparticles 
 
The content of this chapter is an adaptation of the article entitled “Temperature probing and 
emission color tuning by morphology and size control of upconverting 
NaYb0.67Gd0.30F4:Tm0.015Ho0.015 nanoparticles” by Emille Martinazzo Rodrigues, Diogo Alves 
Gálico, Italo Odone Mazali, Fernando Aparecido Sigoli published at Methods and Applications 
in Fluorescence, 2017, 5, (024012), 1-1212. 
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2.1 Introduction 
Lanthanide-doped upconverting nanoparticles (Ln-UCNP) are materials that converts 
low energy photons in the NIR region into higher energy photons into the UV-Visible range. 
This emission process was first discovered by Auzel5 in 1966 and has been very useful in 
materials science. The high tissue penetration of NIR excitation turns possible the use of these 
materials for bioimaging52, indirect excitation of photosensitizers in photodynamic therapies53, 
nanothermometry54 and so on48. Many other uses besides the ones related to nanomedicine are 
also possible, such as solar cells55 and white light emitting devices56. The potential applications 
normally require controlling the synthesis parameters and the photophysical properties of these 
materials. The resulting UV-Visible emission after NIR excitation of these materials makes 
them very attractive for biological applications, such as theranostics. Due to the high absorption 
coefficient of the Yb3+ ion at the NIR region, specifically at 980 nm, many studies regarding 
Yb3+ -doped nanoparticles have been published in the past years7-10. Chen et al57 found out that 
similar sized upconverting NaYbF4 nanoparticles are more efficient than the most common 
NaYF4 host matrix due to the higher absorption cross-section of Yb
3+ ion at 980 nm. It is also 
known that the hexagonal (β) crystalline phase of these fluorides systems show higher intensity 
of upconversion emission bands than the cubic (α) one because of the lower symmetry of the 
Ln3+ located in hexagonal phase C3 and C3h sites than the symmetric cubic phase Oh site. Besides 
that, in the hexagonal phase the distance between Ln3+ neighbors ions is shorter than in the 
cubic phase, favoring the energy transfer mechanisms that normally happens during the 
upconversion processes57.  
The high intensity of upconversion emission is very important for applications of these 
materials as non-contact temperature probing. It is possible to monitor the intensity ratio 
between two emission bands48 and even the emission lifetime49of different lanthanide-doped 
matrices as a  temperature function. Thermal sensing using upconversion emitting nanoparticles 
have been extensively studied, mainly using NaYF4 nanoparticles doped with Er
3+, Tm3+, Ho3+ 
and also Nd3+ ions using Yb3+ as the sensitizer ion10,11. It has been noted that the use of the 
intensity ratio of two emission bands is one of the most attractive strategies, as it provides a 
self-referencing system that has low influence of the excitation intensity or other external 
parameters50. As the ratio variation between the upconversion emission bands depends on non-
radiative processes, the size, shape and consequently the surface to volume ratio of the 
nanoparticles have a significant influence on the temperature sensitivity. Li et al58 found out 
that between NaYF4:Er:Yb nanowires, nanorods and nanoplates shaped nanoparticles, the last 
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ones has the higher temperature sensitivity than the other morphologies, reaching 0.45 % K-1 at 
390 K, due to its higher surface to volume ratio. The type of host matrix and the doping Ln3+ 
ion are also important for the preparation of nanothermometers presenting high thermal 
sensitivities. In order to achieve that, the host matrices where the trivalent  lanthanide ions are 
located in low symmetric chemical  environments, such as β-NaYbF4, allow the electronic 
population of their hypersensitive transitions to be very dependent on temperature, increasing 
the thermal sensitivity of these potential nanothermometers48.  
However, the synthesis of β-NaYbF4 is not a straightforward task, as the Yb3+ ion tends 
to crystallize the system in the -cubic phase59. Ln3+ doping with lighter lanthanides may drive 
the crystallization of NaYbF4 nanoparticles as -hexagonal phase. Using this approach, 
Damasco et al52 claim to be the first ones to synthesize Gd3+-doped NaYbF4 nanoparticles in 
pure hexagonal β-phase. One way to synthesize fluoride nanoparticles  is using the Ostwald-
ripening method, where there is the formation of small nuclei at low temperature followed by 
the Ostwald ripening at higher temperatures60. Changes in the electron-phonon coupling at the 
local crystal field of Ln3+-doped β-NaYF4 systems and ion-ion interactions, allow that band 
intensities and emission lifetime  of doping ion  to be directly influenced by environmental 
temperature variation and by their composition and crystalline phases57. 
This work shows the color tuning and the thermal sensitivity of NaYb0.67Gd0.30 
Tm0.015Ho0.015F4 nanoparticles synthesized by two different approaches of the same synthetic 
methodology, illustrating the influence of the nanoparticles size and morphology on the visible 
upconversion color output under NIR irradiation. According to the 1931-CIE diagram, the 
hexagonal-shaped nanoparticles show white light emission and the spheroidal ones generate 
red light emission under 980 nm excitation. Moreover, the variation of the Luminescence 
Intensity Ratio (LIR) of Tm3+ emission bands in 450 (1D2→3F4) and 475 nm (1G4→3H6) as a 
function of temperature was monitored in the 100 – 323 K temperature range showing one of 
the highest maximum relative sensitivities (Sm) among similar known systems. 
2.2 Experimental Section 
All reagents were used as received, without further purification. The NaYb0.67Gd0.30 
Tm0.015Ho0.015F4 nanoparticles synthesis were based on the thermal decomposition method in 
high boiling point solvents, that is well described in the literature60. Briefly, aqueous stock 
solutions of YbCl3 (0.210 mol L
-1), GdCl3 (0.212 mol L
-1), TmCl3 (0.110 mol L
-1) and HoCl3 
(0.094 mol L-1) were used as Ln3+ precursors. The preparation of these solutions is described 
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elsewhere10. tIn a 250 mL round botton flask, 3.19 mL of YbCl3, 1.42 mL of GdCl3, 0.14 mL 
of TmCl3 and 0.16 mL of HoCl3 solutions were added with 3 mL of Oleic Acid (Aldrich, 90%) 
and 17 mL of 1-Octadecene (Aldrich, 90%). The mixture was heated to 100 °C under N2 flux 
and magnetic stirring until complete evaporation of the water. Then, the system was closed 
under a gentle flow of N2 and the temperature was set to reach 160 °C. After 30 minutes at 160 
°C, the reaction was cooled down to room temperature (RT) or 50 °C. At this moment, 10 mL 
of a 0.4 mol L-1 NH4F and 1 mL of 1 mol L
-1 NaOH methanol solutions were injected to the 
vessel and the reaction was left under magnetic stirring at the chosen temperature (RT or 50 
°C) for 30 minutes. The visual aspect of the solutions at room temperature and 50 °C after the 
addition of NH4F and NaOH methanol solutions is shown in Figure 2.1. Methanol was 
evaporated under vacuum and the reaction temperature was raised to 300 °C. The synthesis was 
kept at this temperature for 90 minutes. The nanoparticles in the powder form were obtained 
after centrifugation at 9000 rpm for 5 minutes and washing several times with ethanol (Synth, 
99.5 %). 
 
 
(a) 
 
(b) 
Figure 2.1: Visual aspect of the solutions after addition of the NaOH and NH4F precursors at: (a) 
room temperature and (b) 50 °C. 
The XRD patterns were obtained in a Shimatzu XRD 7000 difractometer using CuKα 
radiation (1.5418 Å). The TEM images were obtained in a Libra – Zeiss Transmission Electron 
microscope operating with a tungsten filament at 120 keV. The EDS spectra were obtained in 
a Scanning Electron Microscope JSM-6360 LV – JEOL operating at 20 kV using as the detector 
the Noran System SIX, from Thermo Electron Coorporation. The semi-quantitative analysis of 
the samples composition was made using the method Filter Without Standard of the equipment 
software, using the System-SIX as an internal reference. The luminescence spectra were 
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obtained in a Fluorolog-3 (Horiba FL3-22-iHR320) spectrofluorimeter with double emission 
monochomator gratings (1200 gr mm-1, blazed in 500 nm) and a photomultiplier tube detector 
Hamamatsu R928P. The upconversion luminescence spectra at room temperature were 
obtained using a 980 nm CW laser with adjustable power (Crystalaser DL980-1WT0). In order 
to evaluate the influence of particles morphologies on the upconverting emission intensities, 
the  spectra were measured using a Quanta-  (Horiba F-309) integrating sphere equipped with 
an optical fibers bundle (NA = 0.22 – Horiba-FL-3000/FM4-3000) used to guide the UC 
emission. The 980 nm laser (330 mW) used as excitation source was straight aligned into the 
sphere without using the fibers bundle.  
  For the study of the upconversion emission intensity with variable power, the laser beam 
was focused on the sample using a convergent lens. The temperature-dependent luminescence 
spectra of the powder samples were obtained using a cryostat (Janis Research Company VNF-
100) coupled to the spectrofluorimeter. The measurements were obtained in triplicate at 100-
393 K temperature range with a temperature step of 10 K and 15 minutes of stabilization at each 
temperature, using the 980 nm laser focused on the powder sample located inside of quartz cell 
windows with an optical path of 0.1 mm. The laser power was turned on only during the spectra 
acquisition in order to avoid any possible sample heating by the laser on the focal spot. All 
emission spectra at the range of 300 to 750 nm were corrected according to the optical system 
and the photomultiplier tube (Hamamatsu R928P).  
 
2.3 Results and Discussion 
NaLnF4 nanoparticles are known to crystallize into the cubic (α) or hexagonal (β) 
phases59 (See Figure 1.4 in Chapter 1). The type of precursors used on the synthesis, the 
temperature of the nanoparticles formation, the relative amount of sodium ions and Ln3+ 
precursors added to the synthesis and even the ionic radii of the Ln3+ ion used in the host matrix 
are some of the several factors that may drive the nanoparticles growth into one of the 
crystalline phases21,61. The Ln3+ ions that possesses the higher ionic radii, from La3+ to Gd3+ 
tend to crystallize into the β-phase while the ones with smaller radii, from Tb3+ to Lu3+ normally 
crystallize as α-phase (Figure 1.5 in Chapter 1). Due to the relative disorder of the cations 
symmetry sites  and the low phonon energy, the β-phase of NaLnF4 is considered as the best 
host matrix for Ln3+ upconversion57. The NaYbF4 host matrix in the pure hexagonal phase is 
interesting for high upconversion luminescence intensity due to the major concentration of the 
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980 nm absorbing Yb3+ ion. Wang et al19 used the approach of Gd3+-doping to obtain phase-
pure β-NaYF4 nanoparticles with small particle size. Lately, some works have been 
published62,63 showing the control over the crystalline phase and nanoparticles morphology by 
lanthanide doping. In this work the nanoparticles composition was kept constant and two 
different temperatures during the NaOH and NH4F addition step were used. The choice of the 
nanoparticles composition was made based on previous experience of our research group with 
similar systems. When the addition is made at room temperature, the NaOH and NH4F solubility 
at the solvent mixture are lower than when this step occurs at 50 °C. Hudry et al18 studied the 
formation mechanism of the NaGdF4 nanoparticles for this synthetic method and found out that 
NaF is formed right after the injection of NaOH and NH4F solutions. The first organized and 
very small NaGdF4 clusters are formed only after the heating step at 50 °C, and the chemical 
composition of these clusters are depending on the use of acetate or chloride as Ln3+ precursors.  
The same behavior was observed in this work. When NaOH and NH4F solutions are 
added at room temperature the low solubility of NaF in the organic solvents results in a turbid 
suspension, while the heating to 50 °C results in a clear solution containing the first small 
clusters that will grow into the NaYbF4 nanoparticles (Figure 2.1). Hudry et al
18 demonstrated 
that the formation of the first small NaLnF4 nanoparticles occur only when the reaction reaches 
250 °C, regardless the temperature used for NaF and NaOH addition.  
Using this synthetic method, the growth of nanoparticles occurs by Ostwald ripening 
process, where the larger particles are formed in expense of smaller particles dissolution. 
Keeping the NaOH and NH4F addition at room temperature resulted in the formation of larger 
nuclei that leaded to larger nanoparticles, while the formation of smaller nuclei by the NaOH 
and NH4F addition at 50 °C give rise to smaller nanoparticles. A possible explanation for these 
results is the fact that at RT the precursors are less soluble, resulting in a lower amount of 
precipitants available at the solution, which leads to the formation of a smaller number of nuclei 
when the precursors are added at RT than at 50 °C. Such small amount of nuclei at RT is 
favorable to the growth of the larger nanoparticles, while the large number of small nuclei 
formed at 50 °C results in smaller nanoparticles. The TEM images (Figure 2.2) shows the 
morphology of the final resulting nanoparticles using different temperatures for sodium and 
fluoride precursors addition. 
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(a) 
 
(b) 
Figure 2.2: TEM images of the nanoparticles NaYb0.67Gd0.30 Tm0.015Ho0.015F4 with NaOH and NH4F 
addition at: (a) room temperature and (b) 50 °C. 
 
Besides the different nanoparticle sizes, one may observe that the nanoparticles 
morphology is also completely different depending on the temperature of sodium and fluoride 
addition (Figure 2.2). When the addition is performed at room temperature (Figure 2.2a), the 
resulting nanoparticles are hexagonal-plated with 250 nm size and 55 nm thickness. On the 
other hand, when this addition step occurs at 50 °C (Figure 2.2b) the most of nanoparticles are 
spheroidal and some larger nanoparticles with non-defined morphology are also observed. 
Therefore, besides the chemical compositions of the nanoparticles, the temperature of the 
sodium and fluoride addition step also plays an important role on controlling the nanoparticles 
morphology and size.  
In order to obtain information regarding the samples compositions, the EDS analysis 
data is shown in Table 2.1. The nominal compositions of the UCNP are similar to ones found 
by the EDS semi-quantitative analysis, considering the analysis error. These results indicate 
that the differences on the synthetic methodology have mostly influenced the size and the 
morphology of nanoparticles and did not have a major influence on the UCNP composition.. 
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Table 2.1: Elements nominal and EDS molar ratio of the samples. 
 NaYb0.67Gd0.30 Tm0.015Ho0.015F4 RT NaYb0.67Gd0.30 Tm0.015Ho0.015F4 50 
Elements Nominal EDS 
EDS 
error 
Nominal EDS 
EDS 
error 
Na 1.000 0.931 0.069 1.000 0,876 0.097 
Yb 0.670 0.649 0.020 0.670 0.648 0.040 
Gd 0.300 0.314 0.011 0.300 0.302 0.010 
Tm 0.015 0.021 0.017 0.015 0.014 0.009 
Ho 0.015 0.008 0.006 0.015 0.010 0.006 
F 4.000 4.163 0.258 4.000 4.381 0.401 
 
In order to drive the formation of the pure β-hexagonal phase, Gd3+-doping was used  as 
a strategy proposed by Wang et al19. The powder XRD diffraction pattern of the 
NaYb0.67Gd0.30Tm0.015Ho0.015F4 nanoparticles (Figure 2.3) indicate that the nanoparticles have 
β-hexagonal phase-P6 space group (JCPDS-PDF: 27-1427) regardless the temperature of 
sodium and fluoride addition. A very small impurity of the α crystalline phase (identified with 
a * symbol) was observed only into the sample NaYb0.67Gd0.30 Tm0.015Ho0.015F4 50, probably 
due to an incomplete transformation  
 
Figure 2.3: XRD diffraction patterns of the NaYb0.67Gd0.30Tm0.015Ho0.015F4 nanoparticles. 
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The upconversion (UC) luminescence spectra of the synthesized powder nanoparticles 
obtained with excitation at 980 nm are shown in Figure 2.4. In order to compare the samples 
luminescence intensity, the UC spectra were obtained at an integrating sphere using powder 
samples in quartz windows (0.1 mm optical path), under the same conditions and without 
focusing the excitation laser beam on the sample. The UC emission bands in the visible range 
attributed to the Tm3+ and Ho3+ ions confirm that UC emission intensity of the NaYb0.67Gd0.30 
Tm0.015Ho0.015F4 RT sample is higher than NaYb0.67Gd0.30Tm0.015Ho0.015F4 50 one. 
 
Figure 2.4: Upconversion emission spectra of the NaYb0.67Gd0.30 Tm0.015Ho0.015F4 nanoparticles 
obtained inside the integrating sphere (980 nm, 330mW power), confirming the higher emission 
intensities of the NaYb0.67Gd0.30 Tm0.015Ho0.015F4 RT sample. 
Both samples are crystallized as β-hexagonal phase and have similar chemical 
compositions having very different size and morphology (Figure 2.2). The sample 
NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT, is composed by larger well-defined hexagonal-shaped 
nanoparticles, while the sample NaYb0.67Gd0.30 Tm0.015Ho0.015F4 50 is composed by smaller 
spheroidal nanoparticles with higher surface-to-volume ratio. Because of the high surface-to-
volume ratio, the surface defects and ligands became very important, leading to alternative non-
radiative decay paths, resulting in low intensity of the upconversion emission from the emitting 
ions located at the nanoparticles surface. This is a common drawback of very small luminescent 
nanoparticles, especially the ones where the Yb3+ ion is the major lanthanide component of the 
host matrix. The Yb3+ two-level energy results in a faster energy migration through the entire 
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host matrix, leading to high energy transfer rates from Yb3+ to Tm3+ and Ho3+ ions located at 
the nanoparticles surface. As the emission of the surface ions are more affected by the influence 
of the non-radiative decay routes, for smaller nanoparticles with higher surface to volume ratio, 
it is expected a decrease of the emission intensities. Since the blue/green emissions are more 
likely to be quenched by these impurities, this leads to the red color emission observed for the 
NaYb0.67Gd0.30 Tm0.015Ho0.015F4 50 sample. 
 
Figure 2.5: CIE diagram obtained using the Spectra Lux Software v.2.0 for the 
NaYb0.67Gd0.30F4:Tm0.015:Ho0.015 nanoparticles. The inset shows the naked-eye observation of the 
nanoparticles upconversion luminescence under 980 nm laser excitation (200 mW power) and the 
symbols on the diagram represents each nanoparticles morphology. 
Observing the naked-eye upconversion luminescence of the samples it can clearly be 
noted that the sample NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT has a white emission while the sample 
NaYb0.67Gd0.30Tm0.015Ho0.015F4 50 has a reddish upconversion luminescence (Inset in Figure 
2.5). The CIE coordinates of the samples are given in a CIE cromaticity diagram (Figure 2.5). 
The pure white coordinates are x=0.33 and y=0.33, and for the NaYb0.67Gd0.30 Tm0.015Ho0.015F4 
RT sample the CIE coordinates are x=0.38 and y=0.29, that are very close to the white ones. 
For the NaYb0.67Gd0.30 Tm0.015Ho0.015F4 50 the color coordinates are x=0.49 and y=0.35, close 
to the red region. It is known that the color tuning of upconverting nanoparticles may be done 
by changing the chemical composition of  lanthanide host matrices, crystalline phases, 
lanthanide doping and using hierarchical core@shell systems57. However, for the present 
upcoverting nanoparticles, the color tuning was achieved by changing the nanoparticles 
morphologies leading to different surface to volume ratio and therefore, modifications on the 
non-radiative processes. Figure 2.6 and 2.7 shows the intensity of the upconversion emission 
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bands as a function of the laser power as well as the log-log plot of the upconversion emission 
intensity versus the laser power. 
 
(a) 
 
 
(b) 
Figure 2.6: Upconversion emission spectra as a function of different 980 nm laser power (a) and log-
log plots of the upconversion luminescence intensity versus 980 nm laser power (b) of the sample 
NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT. 
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(a) 
  
(b) 
Figure 2.7: Upconversion emission spectra as a function of different 980 nm laser power (a) and 
log-log plots of the upconversion luminescence intensity versus 980 nm laser power (b) of the sample 
NaYb0.67Gd0.30Tm0.015Ho0.015F4 50. 
The intensity of the upconversion emission can change with the laser power according 
to the Power Law6, 𝐼 = 𝑃𝑛, where P is the laser power, I is the transition intensity and n the 
number of absorbed photons for each emitted photon. As one may see in Figures 2.6 and 2.7, 
the number of photons involved in the upconversion emissions for each one of the samples are 
different. For the sample NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT the n value for every upconversion 
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transition is lower than for the sample NaYb0.67Gd0.30Tm0.015Ho0.015F4 50, once again indicating 
the influence of the nanoparticles surface defects on emission. Based on these results, some 
upconversion mechanisms are proposed hereafter (Figure 2.8 and 2.9). It is worth to notice that 
the precise determination of the UC mechanisms is possible only after lifetime measurements. 
The qualitative proposal obtained from the power law is used as a guide for one among several 
possible UC mechanisms.  
 
(a) 
 
(b) 
Figure 2.8: Schematic proposals of upconversion mechanisms of the sample 
NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT: (a) for the 1I6→3F4, 1D2→3H6, 1D2→3F4, 1G4→3H6, 5F5→5I8 and 
3F3→3H6 Tm3+ and Ho3+ transitions (b) for 5S2→5I8 Ho3+ transition.  
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Figure 2.9: Schematic proposals of upconversion mechanisms for all transitions of  
NaYb0.67Gd0.30Tm1.5Ho1.5F4 50 sample. 
As mentioned above, for the sample NaYb0.67Gd0.30F4:Tm0.015:Ho0.015RT the surface 
defects are less important than for the sample NaYb0.67Gd0.30F4:Tm0.015:Ho0.01550. For this 
reason, the cross relaxation process (CR) and the cooperative energy transfer (CET) 
mechanisms are viable for this sample, in spite of the very low efficiency of these mechanisms 
in other upconversion systems47. As it can be seen in Figure 2.6b, the n value can be 
approximated by 2 for Tm3+ transitions 1I6→3F4, 1D2→3H6, 1D2→3F4, 1G4→3H6. As shown in 
Figure 2.8a initially two ytterbium ions may absorb one photon each and through CET the 1G4 
level of Tm3+ is populated. From this level, the 475 nm 1G4→3H6 emission occur with n= 2. 
However, for the emissions from 1D2 and 
1I6, at least 3 or 4 photon absorptions must happen in 
order to populate these levels. The mechanisms proposal shown in Figure 2.9 are considering 4 
photon absorptions. The fact that the power law gives a number of absorbed photons lower than 
the one expected for this emission may be an evidence of the “saturation” of the upconversion 
luminescence6. Since this sample have a very high upconversion emission, the study of the 
power law for these emissions would be more adequate in a lower laser power range in order 
to avoid such saturation effect. As for the transitions 5F5→5I8 and 3F3→3H6 of Ho3+ and Tm3+ 
respectively between 625 and 675 nm that are very close in energy, (Figure 2.8a) the n value 
can be approximate for 1.5, and it can be explained by Energy Transfer Upconversion (ETU) 
mechanism. After the transfer of two photons from Yb3+ to Ho3+ and one photon from Yb3+ to 
Tm3+ ions, the 5F5 level of Ho
3+ and 3H5 level of Tm
3+ are populated. However, simultaneously 
a CR process can occur, followed by the emission from 3F3→3H6 of Tm3+ near 650 nm and from 
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5F5→5I8. This process may involve the absorption of three photons and the emission of two, 
resulting in the observed n value of 1.5 for both transitions. For the Ho3+ transition 5S2→5I8 near 
540 nm the n value can also be approximated to 1.5, and in Figure 2.8b it is shown that the 
mechanism for this emission also involves Tm3+ ions. Through CET between two Yb3+ the 1G4 
of Tm3+ is populated and can transfer the energy to 3K8 of Ho
3+. After a non-radiative decay, 
the 540 nm 5S2→5I8 emission occurs. Simultaneously another CR takes place and after the 
transfer of one more photon from Yb3+ the Ho3+ 3K8 level is once again populated, resulting into 
the emission of one more photon from 5S2→5I8. In this proposed mechanism, the absorption of 
3 photons on NIR and the emission of 2 photons at 540 nm results in n=1.5 for this transition. 
As for the NaYb0.67Gd0.30Tm0.015Ho0.015F4 50 sample, Figure 2.7b shows n = 3 for the 
1I6→3F4, 1D2→3H6, 1D2→3F4, 1G4→3H6 transitions, and the mechanisms proposals for these 
transitions are given in Figure 2.9. Due to the higher surface to volume ratio of the 
NaYb0.67Gd0.30Tm0.015Ho0.015F4 50 sample compared to NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT, the 
CET mechanism is not viable in this case, but CR is still possible. Through ETU three photons 
are transferred from Yb3+ to Tm3+ and 1G4 level is populated, resulting in the 
1G4→3H6 
transition at 475 nm with n= 3. However a CR can occur populating 1D2 from which 
1D2→3H6, 
1D2→3F4 transitions at 360 and 450 nm occur, respectively with n=3. Another CR can happen 
populating 1I6 level and the emission 
1I6→3F4 can happen with a n=3. The Tm3+ transition 
3F3→3H6 can be explained by ETU of two photons. For Ho3+ 5S2→5I8 transition at 540 nm the 
Excited State Absorption (ESA) mechanism explains the n=2 value found for this emission. 
Similarly, through the ETU mechanism, the 650 nm 5F5→5I8 transition can be explained.  
The measurements of the upconversion emission intensities as a function of the 
temperature in the 100-323 K range show that the intensity ratio between the 1D2→3F4 (450 nm) 
and 1G4→3H6 (475 nm) transitions attributed to Tm3+ ion greatly changes as a function of the 
temperature (Figure 2.10). 
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(a) 
 
(b) 
Figure 2.10: Dependence of the Tm3+ upconversion emission intensity of Tm3+ 1D2→3F4 (450 nm) and 
1G4→3H6 (475 nm) transitions of: (a) NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT and (b) NaYb0.67Gd0.30 
Tm0.015Ho0.015F4 50 samples. 
 
The Luminescence Intensity Ratio (LIR) between the emission bands attributed to the 
1D2→3F4 (442 - 460 nm range) and 1G4→3H6 (460 - 498 nm range) transitions as a function of 
the temperature, the relative thermal sensitivity (Sr) in % K
-1 and the temperature resolution 
(ΔT) in K were determined as follows: 
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𝐿𝐼𝑅 =
𝐼1
𝐼2
                          (2.1)  
𝑆𝑟 =
1
𝐿𝐼𝑅
(
𝑑𝐿𝐼𝑅
𝑑𝑇
) 𝑥 100      (2.2) 
Δ𝑇 = (
1
𝑆𝑟
) × (
𝛿𝐿𝐼𝑅
𝐿𝐼𝑅
)         (2.3) 
Where: I1 and I2 are the integrate intensity of the emissions centered in 450 and 475 nm 
attributed to 1D2→3F4 (442 - 460 nm range) and 1G4→3H6 (460 - 498 nm range) transitions, 
respectively; and δLIR is the error associated with the triplicate LIR calculation.  
Figure 2.11 and 2.12 shows the plot of LIR obtained from Equation 2.1 for the samples 
NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT and NaYb0.67Gd0.30Tm0.015Ho0.015F4 50 respectively. From 
Equation, 2.2 the thermal relative sensitivity in the 100 to 323 K temperature range was 
calculated and it is shown in Figure 2.11b and 2.12b with the temperature resolution obtained 
from Equation 2.3. For both samples, the LIR and the maximum thermal relative sensitivities 
(Sm) are very similar: for the sample NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT the Sm value is 1.15 % 
K-1 at 163 and 213 K and for the sample NaYb0.67Gd0.30Tm0.015Ho0.015F4 50, the Sm value is 1.19 
% K-1 at 323 K. The temperature resolution is also close for both samples:  ΔT < 0.02 for 
NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT and ΔT < 0.03 for the NaYb0.67Gd0.30Tm0.015Ho0.015F4 50 at 
the entire operational range (Sm≥ 1.0 % K-1). This data shows that for thermal sensitivity 
purposes, the morphology differences between the samples are not relevant.   
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(a) 
 
(b) 
Figure 2.11: LIR (a) and relative sensitivity in % K-1 with the temperature resolution (b) for the 
nanoparticles NaYb0.67Gd0.30Tm0.015Ho0.015F4 RT. 
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(a) 
 
(b) 
Figure 2.12: LIR (a) and relative sensitivity in % K-1 with the temperature resolution (b) for the 
nanoparticles NaYb0.67Gd0.30Tm0.015Ho0.015F4 50. 
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The values of maximum thermal sensitivity (Sm) for some systems using upconversion 
emissions for temperature probing are given in Table 2.2. Considering the ratio between 
upconversion emission bands of just one emitting ion, both samples obtained in this work have 
the maximum relative thermal sensitivity comparable with the systems shown in Table 2.2. 
These data suggest the potentiality of these nanoparticles for optical nanothermometry 
applications. Moreover, for the samples discussed in this Chapter, the nanoparticles size and 
morphology does not have a significant influence at the thermal sensing properties. 
Table 2.2: Maximum relative thermal sensitivity (Sm) and the probing temperature range of some 
upconverting Ln3+-doped nanomaterials using LIR as figure of merit. 
Host materials 
Ln3+ 
   (Used -nm)  
Sm  
(% K-1) 
T. Range 
(K) 
T 
Sm (K) 
Referenc
es 
NaYbF4:Gd:Tm:Ho RT Tm (450/475) 1.15 100-323 163/213 This work 
NaYbF4:Gd:Tm:Ho 50 Tm (450/475) 1.19 100-323 323  This work 
NaGdF4:Yb:Tm/(Tb/Eu) Tb/Eu (545/615) 1.20 50-300 
125 to 
300  
64 
NaYF4:Yb:Er Er (525/545) 1.20 160-300 300 65 
NaYF4:Yb:Tm/NaYF4:Pr Tm (642/695) 1.53 350-510 417 66 
Y2O3:Yb:Tm Tm (476/488) 0.75 303-753 303 67 
CaWO4:Yb:Ho Ho (460/487) 0.50 303-923 923 68 
ZnO:Er Er (530/563) 0.62 273-573 443 69 
NaNbO3:Yb:Tm Tm (480/486) 0.08 293-373 * 70 
*constant at the entire range 
 
2.4. Conclusion  
In this chapter, it was shown the synthesis and characterization of β-
NaYb0.67Gd0.30Tm0.015Ho0.015F4 nanoparticles with upconversion emission color tuning and 
potential application on nanothermometry. The main emission intensity differences of the 
nanoparticles were obtained due the variation of nanoparticles surface to volume ratio leading 
to non-radiative processes. These observations indicate that temperature of addition of NaOH 
and NH4F  solutions during the nanoparticles synthesis plays an important role. The addition at 
50 °C resulted in smaller nuclei with non-homogeneous growing and leads to spheroidal 
nanoparticles with small sizes and orange/red upconversion emission. The addition at room 
temperature results in larger nuclei leading to hexagonal-plated nanoparticles that show white 
light upconversion according to CIE diagram, being visible by naked eyes. The maximum 
thermal sensitivity of the smaller nanoparticles obtained by the nucleation at 50 °C is very 
similar (1.15 % K-1) to the one for the larger particles (1.19% K-1), showing that the size and 
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morphology of the nanoparticles does not play an important role into the thermal sensitivity 
properties. Both systems have comparable relative thermal sensitivity to other systems found 
in the literature. The results suggest the versatility of these upconverting nanoparticle systems 
for white light emission and nanothermometry applications. 
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Chapter 3  
Controlled synthesis of Ln3+-doped NaLnF4 
nanoparticles in α and β crystalline phases – influence 
of the crystalline phase at thermal sensing and 
magnetic properties   
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3.1 Introduction 
Lanthanide-doped upconverting nanoparticles (Ln-UCNP) of the type NaLnF4 are 
among the most studied lanthanide materials nowadays. These materials attract great attention 
due to their low phonon energy, high chemical stability, high upconversion emission intensity 
of doped Ln3+ and also the many available synthetic methods to obtain the nanoparticles71,72. 
The applications of Ln-UCNP is extensive: from solar cells55 and light emitting devices56 to 
nanomedicine52,48,53, passing through nanothermometry54 and sensing16. 
The upconversion phenomenon that is responsible for the peculiar photophysical  
properties of the majority of  lanthanide-doped fluorides matrices, was first studied by Auzel5, 
and consists in the sequential absorption of low energy photons at the Near Infrared (NIR) 
region followed by the emission of photons into the UV-Visible range. This ability to convert 
NIR photons into visible emission makes these systems very useful for bioimaging37, 
photodynamic therapy (PDT) and other biomedical applications16, since the NIR irradiation 
penetrates deeper in the human skin  and it is less harmful than the UV radiation, normally used 
for these purposes35.   
Thermal sensing using Ln-UCNP have been extensively studied, mainly using NaYF4 
UCNP doped with active ions such as Er3+, Tm3+, Ho3+ and also Nd3+ and Yb3+ as 
sensitizers46,47,73. It is possible to monitor the intensity ratio between two emission bands48 and 
even the emission lifetime49 of different Ln-UCNP as a function of the temperature. It has been 
noted that the use of the intensity ratio of two emission bands is one of the most attractive 
strategies, as it provides a self-referencing system that has low influence of the excitation 
intensity or other external parameters.50 As the intensity ratio variation between the UC 
emission bands depends not only on the energy transfer between the Ln3+ ions but also on the 
non-radiative processes, the crystalline phase, size and the surface of the UCNP may have a 
significant influence on the temperature sensitivity. 
The magnetic properties of Ln-UCNP are also subject of studies, due to the interesting 
possibility of using these systems as multifunctional nanoprobes for fluorescent and magnetic 
resonance imaging (MRI) contrast agents74. Zhang et al75and Das et al76 showed the use of β-
NaHoF4 and β-NaDyF4 nanoparticles as interesting T2 contrast agents. The possibility of 
surface functionalization and the size modulation of nanoparticles are some of the most striking 
characteristics that makes these systems suitable for biomedical applications. Holmberg et al34 
also studied the magnetic properties of NaYF4:Ln
3+ (Ln3+ = Er3+, Yb3+, Dy3+, Tb3+, Gd3+) 
nanoparticles that were synthesized as a phase mixing between α and β crystalline phases, and 
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found high values for the magnetization of these nanoparticles (45 emu/g for the best system). 
However, there are no reports on the literature regarding the comparison of the magnetic 
properties between α and β crystalline phases of NaLnF4 nanoparticles as far as we are 
concerned. These comparisons could bring important information to improve the application of 
these systems in multimodal biological imaging and even as nanomagnets for magnetic memory 
devices. 
Among the Ln-UCNP systems, the most studied ones are the NaLnF4, where the Ln
3+ is 
usually Y3+ or Gd3+ doped with Yb3+ or Nd3+ as sensitizers to absorb the 980 or 800 nm 
radiation, respectively and Er3+, Tm3+, Ho3+ as activators, with emissions in the UV-Vis-NIR. 
This fluoride host may crystalize in two different phases, the cubic α-phase and the hexagonal 
β-phase (Figure 1.3 in the Chapter 1 - Introduction). Due to the low symmetry of the cation site, 
and the shorter  ion-ion distance on the β-phase, the Ln3+-doped on this phase have the highest 
UC emission intensity57. The UC emission intensity also depends on the nanoparticle size, 
surface composition and sensitizer/active ions concentration. In order to obtain a viable system 
for any application, it is important to control all these parameters during the nanoparticles 
synthesis.  
One of the most widespread methods to synthesize the NaLnF4 nanoparticles is the 
thermal decomposition of metallic precursors in high boiling point solvents. Until very recently, 
it was stablished on the literature that the growing mechanism of these nanoparticles consisted 
into the precipitation of very small nuclei of the α-phase nanoparticles followed by the α to β-
phase transformation. In this methodology, there are many metallic precursors that can be used, 
such as LnCl3, [Ln(COOH)3] or [Ln(CF3COO)3], and depending on the precursor that is used, 
the mechanism of the nanoparticles growing may  be significantly  different.  Hudry et al18 
described the growing mechanism of β-NaGdF4:Er:Yb nanoparticles by the decomposition of 
the lanthanide acetates in oleic acid and octadecene in the presence of  NaOH and NH4F at 
various temperatures and reaction times. The authors found out that using the acetate salts as 
precursors, there is no precipitation of the α-phase nanoparticles, but only very small β-phase 
nuclei are present in the reaction media when the first nanoparticles start growing. Suter et al77 
studied the formation mechanism of β-NaYF4:Er:Yb nanoparticles also using lanthanide 
acetates as precursors. These authors proved by real time monitoring of the upconversion 
emission that small α-nanoparticles were formed and converted to β-NaYF4:Er:Yb 
nanoparticles. The difference between Hudry and Suter works is the nanoparticles composition. 
As mentioned at the Introduction of this thesis (Chapter 1), the lighter lanthanide ions, from 
La3+ to Gd3+ have the tendency to crystallize into the β-phase, while Y3+ and the heavier 
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lanthanide ions usually crystallizes as the α-phase. The doping with lighter lanthanides is used 
a strategy to achieve pure β-phase NaLnF4 nanoparticles19. Hudry synthesized NaGdF4:Er:Yb 
nanoparticles, so it is expected that the β-phase will be easily formed, while Suter synthesized 
NaYF4:Er:Yb nanoparticles, so the α to β phase transformation was observed during the 
synthesis. 
By using lanthanide oleates as precursors, Haase et al27,78 studied the α to β phase 
transformation of NaLnF4 nanoparticles, that was described as the dissolution of very small α-
phase nanoparticles that acted as precursors for the precipitation of the β phase nanoparticles. 
The growing mechanism was defined as the Ostwald Ripening process by the authors, and by 
controlling the amount and size of the α-nanoparticles, the complete α to β phase transformation 
was achieved, as well as the control over the size of the resulting β-NaLnF4 nanoparticles. 
Mai et al24 described the use of lanthanide trifluoracetate precursors to synthesize  both 
α and β-NaLnF4 nanoparticles with Y3+ and with the Ln3+ from Pr3+ to Lu3+. The authors also 
described the nanoparticles mechanism formation as the transformation from α to β-phase. This 
transformation was shown to be very dependent on the reaction temperature, time, and also on 
the solvent mixing composition. Boyer et al25 also used lanthanide trifluoracetates as precursors 
for the synthesis of α-NaYF4:Ln3+ (Ln = Er3+/Yb3+ or Tm3+/Yb3+), showing the advantages of 
using a single source precursor to control the size and morphology of the synthesized α-phase 
nanoparticles. By the examples cited above, it is possible to notice the number of variables into 
a single synthetic method that must be controlled in order to achieve Ln-UCNP systems suitable 
for any application. 
Within this chapter, it will be discussed the photophysical studies of two Ln-UCNP in 
both α and β-crystalline phases with the following nominal compositions: The first one, is the 
NaGd0.94Pr0.02Er0.02Yb0.02F4. The Gd
3+ matrix was chosen due to the facility to obtain Ln-UCNP 
with homogeneous size as β-crystalline phase59. The doping combination of Pr3+, Er3+ and Yb3+ 
results in a green upconversion emission79 that can be used to excite indirectly the 
photosensitizer Rose Bengal (RB) anchored at the Ln-UCNP surface, aiming a further 
application of the sample for PDT. Besides that, it is known that the 2H11/2 and 
4S3/2 energy 
levels of Er3+ , responsible for the green emission, are thermally coupled51 and the temperature 
dependency of this emission at the UCNP samples can also be used for temperature probing.  
 The second UCNP system is NaYb0.68Gd0.30Tm0.015Ho0.005F4. In this case  the Yb
3+ 
matrix was chosen  to enhance the absorption of NIR radiation, leading to a possible increase 
on the UC emission intensity of Tm3+. However, the synthesis of β-NaYbF4 is not a 
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straightforward task, as the Yb3+ ion tends to crystallize the NaLnF4 systems as -phase59. Using 
the approach of doping with lighter Ln3+, Damasco et al52 claim to be the first ones to synthesize 
Gd3+-doped NaYbF4 UCNP in pure β-phase, and this was the approach used on the present 
work. Tm3+ and Ho3+ were doped as active ions, with the aim of obtaining UC emissions into 
the Visible range. The intensity ratio between two emission bands of Tm3+ ion from non-
thermally coupled levels51,80 was investigated for application in temperature probing. 
Besides the luminescent properties, some magnetic measurements were performed for 
the nanoparticles of both compositions in α and β crystalline phases. The paramagnetic nature 
of all the Ln3+ used at the nanoparticles compositions can result in interesting magnetic 
properties for these systems. Added to the luminescent ones, the multifunctionality of the 
resulting Ln-UCNP is very interesting. 
In this thesis, some modifications of the synthetic method described by Mai et al24 were 
performed, and both the high Gd3+ content composition (NaGd0.94Pr0.02Er0.02Yb0.02F4) and the 
high Yb3+ composition (NaYb0.68Gd0.30Tm0.015Ho0.005F4) were obtained in both α and β 
crystalline phases, showing the precise control over the crystalline phase and morphology of 
the nanoparticles that were achieved by our synthetic approach. 
3.2 Experimental Section 
The synthesis of the core Ln-UCNP was performed by the thermal decomposition 
method in high boiling point solvents24,81,60, using [Ln(CF3COO)3] and CF3COONa as metal 
precursors and oleic acid, octadecene and oleylamine as the high boiling point solvents. The 
method was modified in order to obtain both the α and β crystalline phases of the Ln-UCNP, 
and the precursors were prepared from the reaction between the lanthanide oxides and 
trifluoracetic acid. All reagents were used as received with no further purification. 
3.2.1 Synthesis of [Ln(CF3COO)3] and CF3COONa precursors 
The trifluoracetate precursors of all lanthanides [Ln(CF3COO)3], except the 
[Pr(CF3COO)3] were obtained by the reaction between 5 mL of CF3COOH (Aldrich, 99%) in 
5 mL of distilled water with 300 mg of the lanthanide oxides (Gd2O3, Yb2O3, Er2O3, Tm2O3, 
Ho2O3, all from Aldrich, 99.99%). The mixture was kept in a 50 mL round bottom flask under 
magnetic stirring at 90 °C overnight, resulting in a transparent solution. After this time, the 
solvent was evaporated to obtain the solid [Ln(CF3COO)3] precursors. A similar approach was 
used for the synthesis of CF3COONa but using NaOH (Alkimia, PA) as the sodium source. 100 
mg of NaOH was dissolved in a beaker containing 10 mL of water, and the CF3COOH was 
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added to completely neutralize the basic solution. After that, the solvent was evaporated to 
obtain the solid CF3COONa precursor. 
In the case of [Pr(CF3COO)3], first 200 mg of Pr6O11 (Aldrich, 99.9%, composed by a 
mixing between Pr2O3 and PrO2) were treated with stoichiometric amounts of HCl (Aldrich, 
37%) and H2O2 (Synth, 29 %) in order to reduce all Pr
4+ to Pr3+. The mixture was kept in a 
beaker under magnetic stirring at room temperature until it became transparent. After that, the 
solvent was evaporated and the solid PrCl3 was obtained, and treated with 5 mL of CF3COOH 
acid and 5 mL of distilled water following the same procedure as previously described for the 
Ln2O3. 
In order to obtain the molecular weight of [Ln(CF3COO)3], a complexometric titration 
was performed using  EDTA 0.01 mol L-1. Briefly, 30 mg of each [Ln(CF3COO)3] sample was 
dissolved in 20 mL of acetate/acetic acid buffer (pH = 5.9) and 3 mg of xylenol orange (in KBr 
5 wt%) indicator were used to check the turning point of the titration (purple to yellow). The 
obtained molecular weight was used for further calculation of the Ln3+ amount used in the 
UCNP synthesis. 
 
3.2.2 Synthesis of α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and α-
NaGd0.94Pr0.02Er0.02Yb0.02F4  
To a 250 mL round bottom flask 1.5 mmol of [Ln(CF3COO)3], 1.5 mmol of CF3COONa 
were added to 15 mmol of oleic acid (Aldrich, 90%), 15 mmol of oleylamine (Aldrich, 70%) 
and 30 mmol of 1-octadecene (Aldrich, 90%). This mixture was heated to 100 °C under vacuum 
for 30 minutes. After that, a gentle argon flux was introduced into reaction vessel and the 
temperature was raised to 310 °C at a 10 °C/min rate. The reaction was kept at this temperature 
for 20 minutes for the synthesis of α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and 15 minutes for the 
synthesis of α-NaGd0.94Pr0.02Er0.02Yb0.02F4. After this time, the reaction vessel was left to cool 
naturally to the room temperature, resulting in the α-NaGd0.94Pr0.02Er0.02Yb0.02F4 or α-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 Ln-UCNP. With the suspension at room temperature, 20 mL of 
ethanol (Synth, 99.5%) were added and the Ln-UCNP were separated by centrifugation, washed 
once with ethanol, then with a solvent mixture of cyclohexane:ethanol 1:4 v/v (cyclohexane 
Synth, 99%) and once again with ethanol. An amount of 150 mg of the sample was kept in the 
solid state and the remaining sample was storage in a cyclohexane suspension of 20 to 60 
mg/mL. 
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3.2.3 Synthesis of β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 
The synthesis of β-Ln-UCNP is very similar to that described previously. The difference 
is that after 15 minutes at 310 °C, 2.6 mmol of CF3COONa were added and the reaction 
temperature raised to 330 °C and kept at this temperature for 15 minutes for the synthesis of β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 and 10 minutes for the synthesis of β-
NaGd0.94Pr0.02Er0.02Yb0.02F4. The excess of CF3COONa added after the formation of α-Ln-
UCNP at 310 °C and the increasing of the reaction temperature to 330 °C are the modifications 
of the present method from what was described by Mai et al24,81 and it was the essential step for 
precisely control the α to β phase transformation. The Ln-UCNP purification step and storage 
was the same as the one described previously. In the following Figure 3.1, it is illustrated the 
heating ramp during the nanoparticles synthesis. 
 
Figure 3.1: Temperature profile of the nanoparticles synthesis using the thermal decomposition 
method. 
The nanoparticles nominal elementary composition is described on the samples 
nomenclature, and it is related to the molar percentage of each doped Ln3+. 
3.2.4 Characterization of the samples 
The X-Ray diffraction (XRD) patterns of the samples were obtained in a Shimatzu XRD 
7000 diffractometer using CuKα (1.5418 Å) radiation in the 10 to 60° 2θ range with screening 
rate of 2°min-1. The samples were analyzed in powder form. The TEM images for size 
measurements and morphology analysis of the Ln-UCNP were obtained in the Libra-Zeiss 
transmission electron microscope operating at 80 or 120 kV with a tungsten filament. The 
sample preparation consisted in dispersing one drop of the Ln-UCNP stock suspension (around 
30 mg/mL) in 2 mL of ethanol. This diluted suspension was kept in ultrasonic bath for 30 
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minutes and left to decant for 15 minutes. A drop of 6 µL was deposited in a copper grid with 
a holy carbon film (TedPella – holy carbon 400 mesh) and naturally dried, before analysis. 
The UC luminescence spectra of the UCNP were obtained in a Fluorolog-3 (Horiba 
FL3-22-iHR320) spectrofluorimeter with double emission monochromator gratings (1200 gr 
mm-1, blaze at 500 nm). All the emission spectra were obtained in the range of 300 to 750 nm 
and were corrected according to the optical system and the photomultiplier tube (Hamamatsu 
R928P) sensibility. A 980 nm laser with variable power (Crystalaser DL980-1WT0) was used 
as excitation source. 
For the UC mechanism proposal studies, the emission spectra were obtained using as 
the excitation source a 980 nm laser with variable power (Crystalaser DL980-1WT0) focused 
in the sample using convergent lens. In order to evaluate the influence of Ln-UCNP crystalline 
phase on the upconverting emission intensities, the emission spectra were measured using a 
Quanta-  (Horiba F-309) integrating sphere equipped with an optical fibers bundle (NA = 0.22 
– Horiba-FL-3000/FM4-3000) used to guide the UC emission. The 980 nm laser (300 or 600 
mW) used as excitation source was straight aligned into the sphere without using the fibers 
bundle, and focused using a convergent lens. The temperature-dependent luminescence spectra 
of the powder samples were obtained in triplicate using a cryostat (Janis Research Company 
VNF-100) coupled to the spectrofluorimeter for the measurements from 83-293 K. The 
temperature step was 10 K and the stabilization time was 10 minutes at each temperature. The 
980 nm laser was focused on the powder sample located inside of quartz cell windows with an 
optical path of 0.1 mm.  
The magnetic measurements were performed using a Quantum Design SQUID 
magnetometer MPMS-XL7 operating between 2 and 300 K for dc applied fields ranging from 
-7 to 7 T. The Zero-field cool/field cool (ZFC/FC) measurements were performed between 2 
and 300 K with an applied field of 100 Oe and the hysteresis measurements were performed at 
2 K. 
3.3 Results and Discussion 
The results presentation will be organized as followed: First, it will be shown the structural 
and morphological characterization of the Ln-UCNP of both compositions in both crystalline 
phases: α/β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and α/β-NaGd0.94Pr0.02Er0.02Yb0.02F4. Following 
that, it will be discussed the UC luminescence spectroscopy characterization. For each one of 
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the compositions, it will be compared the α/β-phase samples emission intensities, the laser 
power dependence on the upconversion emission and the thermal sensitivities.   
Finally, some interesting preliminary results of the magnetic measurements performed for 
the nanoparticles in both compositions and crystalline phases will be discussed.  
3.3.1 Structural and Morphological Characterization 
The synthesis of NaLnF4 nanoparticles by the thermal decomposition method in high 
boiling point solvents consists into the decomposition of the Ln3+ metallic precursors in the 
presence of oleic acid, octadecene and oleylamine solvents. The Ln3+ precursors can be LnCl3, 
[Ln(CH3COO)3] or [Ln(CF3COO)3]. It is known that in order to obtain an uniform nucleation 
of the nanoparticles seeds, it is necessary to use a metallic precursor that has its thermal 
decomposition in a sharp range of temperature and as an one-step process. 
When LnCl3 is used, the true precursor that leads to the nanoparticles formation is 
Ln(oleate)3 complex. This specie can be synthesized separately, by reacting the LnCl3 with oleic 
acid in a separate vessel and the waxy resulting solid can be used as precursor for the synthesis. 
The alternative is to form the Ln(oleate)3 in situ, by mixing the LnCl3 directly into the solvent 
mixture of oleic acid, octadecene and oleylamine. This last approach was used to synthesize the 
β-NaYb0.67Gd0.30Tm0.015Ho0.015F4 nanoparticles systems described in Chapter 2. As observed in 
Chapter 2, the pure β-phase nanoparticles were obtained, however the size and morphology 
control was not very efficient. For this reason, it was decided to change the LnCl3 for 
[Ln(CF3COO)3] as precursor. 
The thermal decomposition profile of [Ln(CF3COO)3] is ideal for this purposes, 
maintaining a supersaturation condition of both Ln3+ and F- in the solution. These are the 
necessary conditions to control the Ostwald Ripening process, resulting into the nucleation of 
a large number of seeds, that ultimately will result into nanoparticles with a narrow size 
distribution.  
However, only the change of precursors was not enough to result into nanoparticles of the 
pure hexagonal phase with controlled size and morphology. It is known that the growing 
mechanism of these UCNP starts with the nucleation of the α-phase followed by the conversion 
to β-phase UCNP61,77. As discussed in the introduction, the α to β phase transformation is driven 
by the presence of excess of Na+. As one can observe form the phase diagram in Chapter 1 - 
Introduction (Figure 1.6) the α phase of many NaLnF4 are stable in Na+ deficient compositions, 
but the β phase is stable only in a very small range of compositions, around 1:1 of Na:Ln 
proportion. The modification of the method described in this work from other synthesis 
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described on the literature using [Ln(CF3COO)3]as precursors is the addition of 2.6 mmol of 
CF3COONa after the formation of the α phase nanoparticles and the increase of the temperature 
reaction to 330 °C for only a few minutes. This strategy allows the saturation of the solution 
with both Na+ and F-, driving the α to β phase transformation and allowing at the same time the 
control of the Ostwald ripening process, resulting in nanoparticles with a narrow size 
distribution. 
Besides that, for the complete α to β transformation the necessary reaction time at 330 °C 
is dependent of the nanoparticles composition. For the α to β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
matrix, this transformation was achieved after 15 minutes while for the α to β 
NaGd0.94Pr0.02Er0.02Yb0.02F4  system, the transformation is completed after only 10 minutes at 
330 °C (see experimental procedure). 
The powder XRD of the synthesized nanoparticles as well as the respective crystallographic 
patterns are given on the following Figure 3.2. 
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 (a) 
  
(b) 
Figure 3.2: XRD patterns of Ln-UCNP: (a) α and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4, (b) α and 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4. 
As it is known, the NaLnF4 containing Ln
3+ from La3+ to Gd3+ have the tendency to 
crystallize as hexagonal β-phase, while the ones containing the ions from Tb3+ to Lu3+ normally 
crystallize as cubic α-phase19. Therefore, the synthesis of β-NaGdF4 is not very difficult, but 
the β-NaYbF4 synthesis can be tricky. As already discussed in Chapter 2, in this work it was 
used Ln3+-doping with lighter lanthanides to drive the crystallization of NaYbF4 UCNP to the 
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-phase52. Using  the approach of Ln3+-doping52,19 combined with the addition of extra amount 
of CF3COONa it was possible to obtain the desired  β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 even 
using Yb3+ as a major Ln3+ component. 
As it can be observed from the X-Ray diffraction patterns (Figure 3.2), the α and β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 and the α and β-NaGd0.94Pr0.02Er0.02Yb0.02F4 UCNP were 
obtained successfully. This fine-tuning of the crystalline phase for the 
NaYb0.68Gd0.30Tm0.015Ho0.005F4 matrix was achieved only by the combination of the two 
previously described approaches. Some previous attempts (Figure A1 of Appendix A) of using 
only the Gd3+-doping or only the addition of CF3COONa excess to obtain β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 were not successful.  This results show that the methodology 
proposed in this work is very efficient to control the crystalline phase of the NaLnF4 UCNP 
systems. 
Regarding the UCNP morphology, the TEM images given in the following Figure 3.3  
and Figure 3.4 shows that for both systems the α to β phase transformation occurs without 
significant changes in the nanoparticles morphology. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3.3: TEM images of Ln-UCNP samples: TEM (a) and size distribution histogram (b) of α-
NaYb0.68Gd0.30Tm0.015Ho0.005F4, and TEM (c) and size distribution histogram (d) of β- 
NaYb0.68Gd0.30Tm0.015Ho0.005F4. 
The comparison between the TEM images of α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure 
3.3a) and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure3.3c) shows that both Ln-UCNP have 
spheroidal morphologies and the crystalline phase transformation from α to β does not affect 
their shape or size. The mean size of α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 are given in the size distribution histogram, and are very close 
for both samples. The similar small size of both samples (near 11 nm) corroborates with the 
similar broadening of the diffraction peaks of these samples, that can be observed in Figure 
3.2a. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 3.4: TEM images of Ln-UCNP samples: TEM (a) and size distribution histogram (b) of  α-
NaGd0.94Pr0.02Er0.02Yb0.02F4; TEM (c) and size distribution histogram (d) of β- NaGd0.94Pr0.02Er0.02Yb0.02F4 
synthesized at 330 °C for 15 minutes; TEM (e) and size distribution histogram (f) of β- 
NaGd0.94Pr0.02Er0.02Yb0.02F4 synthesized at 330 °C for 10 minutes. 
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Comparing the TEM images of α-NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.4a and b) and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.4c and d) samples, one may notice some changes into the 
size and shape of the Ln-UCNP. The mean size of α-NaGd0.94Pr0.02Er0.02Yb0.02F4 and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 are 11.1 ±1.2 nm and 40.2 ± 7.9 nm, respectively. Once again, these 
dada corroborates with the broader XRD peaks for the smaller α-NaGd0.94Pr0.02Er0.02Yb0.02F4 
nanoparticles compared to the narrower peaks of the larger β-NaGd0.94Pr0.02Er0.02Yb0.02F4 
nanoparticles, observed in Figure 3.2b. For this sample, the reaction time at 330 °C was 15 
minutes, the same used for the synthesis of β-NaYb0.68Gd0.30Tm0.015Ho0.005F4. As the Gd3+ 
favors the α to β phase transformation, the higher the amount of Gd3+ on the nanoparticles 
composition, the faster will be the phase transformation. This means that in order to maintain 
the shape and control the size during the α to β transformation, on the case of 
NaGd0.94Pr0.02Er0.02Yb0.02F4, it was necessary to decrease the reaction time at 330 °C during the 
synthesis, after the addition of the excess of CF3COONa. Using this approach, one β-
NaGd0.94Pr0.02Er0.02Yb0.02F4  sample was synthesized, keeping the reaction mixture at 330 °C 
for 10 minutes instead of 15 minutes. The TEM data (Figure 3.4 e and f) showed that the β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 were successfully obtained with the spheroidal shape and mean size 
of 10.4 ±1.7 nm (Figure 3.4e). 
An important aspect of the structural characterization of the nanoparticles, is the molar 
weight determination. The molar weight data of any kind of nanoparticle is scarce, if present at 
all on the literature. This lack of information leads to sub-optimal application of these systems 
when a quantitative functionalization of its surface, a specific dosage of these compounds is 
necessary or even for a precise magnetic characterization of these materials. Recently, 
Mackenzie et al82 developed a systematic methodology to estimate the molar weight of NaLnF4 
nanoparticles of many different compositions, shapes and sizes. The authors developed a 
graphic interface based on MATLAB software (MATLAB 2016a MathWorks) for this 
calculation. The input data are the nanoparticles composition, cell parameters of each crystalline 
phase obtained from the XRD data of the nanoparticles (α or β) and their size distribution 
obtained from TEM data. The output is a lognormal distribution of the nanoparticles molar 
weights as a function of their diameter.   
The calculation of the molar weight will not be detailed here, as it is not the scope of this 
work. However, for the sake of illustration, the methodology used by Mackenzie et al82 is 
demonstrated for the case of spheroidal nanoparticles in the lanthanide-doped cubic crystalline 
phase, in the Appendix A.  Using this methodology applied on the graphical interface developed 
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by Mackenzie et al82, the molar weights of the nanoparticles prepared on this work were 
obtained and is given in the following Table 3.1.  
Table 3.1: Molar weight of the Ln-UCNP samples prepared. 
Sample 
Crystalline 
phase 
Morphology 
Size 
distribution/ 
mean size 
(nm) 
Molecular 
Weight 
(MDa) 
α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 cubic spheroidal 7 – 20 / 11.5 2.5 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 hexagonal spheroidal 7 – 16 / 11.5 3.0 
α-NaGd0.94Pr0.02Er0.02Yb0.02F4 cubic spheroidal 7 - 15 / 11.0 2.1 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4 hexagonal rod 10 – 60 / 40.0 113 
*β-NaGd0.94Pr0.02Er0.02Yb0.02F4 hexagonal spheroidal 6 – 16 / 10.4 2.0 
*This is the sample obtained as specified above, decreasing the reaction time at 330 °C from 
15 minutes to 10 minutes. 
As previously discussed, the graphical interface gives the distribution of the molecular 
weight of the nanoparticles as a function of their size distribution, so the values on the last 
column of Table 3.1 are related to the nanoparticles with the mean size found by the TEM 
analysis. 
One can notice the strong dependence of the molecular weight with the nanoparticles size.  
For the same crystalline phase and composition, the increase on the mean size of β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 from 11nm to 40 nm results in the increase of the molecular weight 
from 2.1 MDa to 113 MDa. There is also a dependence on the crystalline phase, as for the 
nanoparticles with the same composition, similar size and different crystalline phases: α/β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4, there is an increase of 20% of the molecular weight from the α 
to the β phase, which can be attributed to the lower unit cell volume of the hexagonal unit cells. 
The trends in the data obtained for the samples described on this work are in very good 
agreement to the ones obtained by Mackenzie et al82. For typical NaYF4:Ln nanoparticles from 
the literature they obtained for 10 nm diameter nanoparticles a molecular weight of ~1MDa, for 
45 nm diameter the molecular weight was estimated as ~100 MDa , and also, the hexagonal 
lattice nanoparticles always had the molecular weight higher than the cubic lattice ones. 
This data is extremely important, especially in biological applications of functionalized 
nanoparticles, where the amount of the active agent in each nanoparticle as well as the number 
of nanoparticles in a specific mass of the material are difficult to be determined. The molecular 
weight of nanoparticles is also important for the quantification of the magnetic properties of 
these materials, such as the molar magnetic susceptibility. There are methods available for the 
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counting of the number of nanoparticles in a suspension, based on the light scattering of the 
light, similar to DLS (Dynamic Light Scattering). For this technique to be applied, it is 
necessary that the nanoparticles are very well dispersed in a diluted suspension, preferentially 
in water. Using the calculation method described by Mackenzie et al82, the same result can be 
achieved with data collected from relatively standard measurements used for the structural 
characterization of nanoparticles (XRD and TEM).  
3.3.2 Spectroscopic Characterization – Luminescence Spectroscopy 
The discussion of the luminescence data will be presented first for the 
NaYb0.68Gd0.30Tm0.015Ho0.005F4 UCNP following by the NaGd0.94Pr0.02Er0.02Yb0.02F4, 
comparing the emission spectra of the samples synthesized in both α and β crystalline phases. 
The emission spectra with variable excitation power will be presented, with the proposals of 
the upconversion emission mechanisms suggested from the power law. For each nanoparticle 
composition, the dependence of the emission spectra with the temperature and the thermal 
sensitivities for both crystalline phases will also be discussed.  
α and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles 
The upconversion (UC) phenomenon, as discussed in the previous chapter, was first 
described by Auzel5 and it consists into the emission of higher energy photons (UV/ Visible) 
after the sequential absorption of lower energy photons (NIR). It is known that the UC emission 
of the Ln3+ is possible due to the existence of many intermediate energy levels between the 
ground state and the emitting states which have high emission lifetime and therefore can be 
used as energy reservoirs83. Besides that, the energy transfer between the Ln3+ doped in the 
crystalline network also plays an important role at the emission properties of the nanoparticles 
in the α/β crystalline phases. 
The UC emission spectra of the α/β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 Ln-UCNP are shown 
in Figure 3.5. For the quantitative comparison between the samples absolute emission intensity, 
the emission spectra were all measured using an integrating sphere and the same laser power 
(300 mW). 
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Figure 3.5: UC spectra of the α and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 obtained in an integrating 
sphere. 
All the UC emission spectra in Figure 3.5 show the emission bands of Tm3+ and Ho3+ 
doped ions in the UV-Vis range. As expected, the UC emission intensity of the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 is higher than for the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4. The 
Ln3+-doped into the β-phase are expected to have the best UC emission intensity57. The 
explanation for this lies on the fact that the β-NaLnF4 has three types of crystalline sites for the 
cations (See Figure 1.4 in Chapter 1 - Introduction)18: two of them  with C3h symmetry being 
occupied only by Ln3+, or by Ln3+ and Na+ at 1:1 ratio. The third site has C3 symmetry and is 
occupied by Na+ and vacancies at 1:1 ratio84,85,86,87. The proximity between the cations sites on 
the β-phase of these fluoride UCNP facilitates the energy transfer between the sensitizer and 
the active Ln3+ ions located at these sites. In the α-NaLnF4, the sensitizer and the activator ions 
are randomly distributed through the only type of cation sites (distorted Oh symmetry) through 
the matrix, that are more distant from each other than in the β-NaLnF4 and therefore to a lower 
energy transfer rate and consequently to a lower emission intensity. Another important feature 
is the lower C3h symmetry site occupied by the Ln
3+ in the β-NaLnF4 when compared to the 
highly Oh symmetric site occupied by these in the α-NaLnF4. When the Ln3+ is placed into a 
site without an inversion center, the mixing between the wavefunctions of states with opposite 
parity (5d with 4f) become possible, relaxing the Laporte (parity) selection rule, which 
ultimately leads to an increase on emission intensities bands attributed the 4f -4f transitions20. 
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For the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 there is an emission band between 520 to 560 
nm range, attributed to the Ho3+ ion, so these UCNP could be viable for functionalization with 
the Rose Bengal (RB) photosensitizer, that has its absorption band centered at 540 nm. 
However, the use of photosensitizer molecules with absorption below 500 nm or above 650 nm 
may be a more interesting alternative, due to the higher intensity of the upconversion emission 
bands on these ranges. All the UV-Vis emissions, of these UCNP shows the potential of these 
samples for 1O2 generation using many different porphyrin photosensitizers, with simultaneous 
bioimaging capacities. 
The emission spectra of the samples with variable laser power may bring important 
information regarding the upconversion emission mechanisms of the Ln3+-UCNP. The 
following Figure 3.6 and Figure 3.7 shows the intensity of the upconversion emission bands as 
a function of the laser power as well as the log-log plot of the upconversion emission intensity 
versus the laser power. 
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(a) 
 
(b) 
Figure 3.6: Upconversion emission spectra as a function of different 980 nm laser power (a) 
and (b) Log-log plots of the upconversion luminescence intensity versus 980 nm laser power 
of the sample α-NaYb0.68Gd0.30Tm0.015Ho0.005F4. 
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(a) 
 
 
 (b) 
Figure 3.7: Upconversion emission spectra as a function of different 980 nm laser power (a) 
and (b) Log-log plots of the upconversion luminescence intensity versus 980 nm laser power 
of the sample β-NaYb0.68Gd0.30Tm0.015Ho0.005F4. 
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The upconversion emission intensity may change with the laser power according to the 
Power Law6, 𝐼 = 𝑃𝑛, where P is the laser power, I is the transition intensity and n the number 
of absorbed photons for each emitted photon. 
One may observe that for both α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure 3.6) and β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure 3.7) nanoparticles, the emission intensity increases with 
the laser power. The log-log plot of the transitions: 1I6→3F4 (Tm3+), 1D2→3H6 (Tm3+), 1D2→3F4 
(Tm3+), 1G4→3H6 (Tm3+), 1S2→5I8 (Ho3+) and 1G4→3F4 (Tm3+) are linear at the entire used laser 
power range (60 to 200 mW). The 6P5/2→8S7/2 (Gd3+) and the 3F2→3H6 /5F6→5I8 (Tm3+/Ho3+) 
transitions intensity variation with the laser power were not analyzed. The former one, due to 
its very low intensity, and the last ones, due to the close proximity between 3F2 and 
5F6 levels 
of Tm3+ and Ho3+, respectively which results into the overlapping of both transitions. 
The number of absorbed photons (n) for each transition obtained by the power law, as 
well as the R value from the linear fitting for α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure 3.6b) 
and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure 3.7b) nanoparticles are given on Table 3.2. 
Table 3.2: Value of n for each Ln3+ transition and R fitting parameter obtained for both α and β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles samples. 
 α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
Transition (Ln3+) n R n R 
1I6→3F4 (Tm3+) 2.55 0.98 3.71 0.98 
1D2→3H6 (Tm3+) 2.52 0.99 3.34 0.99 
1D2→3F4 (Tm3+) 2.57 0.99 3.40 0.99 
1G4→3H6 (Tm3+) 1.94 0.99 2.73 0.99 
1S2→5I8 (Ho3+) 1.77 0.96 2.20 0.96 
1G4→3F4 (Tm3+) 1.72 0.99 2.32 0.99 
 
The proposed mechanism for the Tm3+ and Ho3+ transitions observed in the 
upconversion spectra of the nanoparticles are given in the following Figures 3.8 and 3.9. It is 
important to notice that these mechanisms are a qualitative proposal obtained from the analysis 
of the Power Law. The purpose is to guide the reader to some of the many possible mechanisms 
by which these emissions can occur.  
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(a) 
 
 
(b) 
Figure 3.8: Schematic qualitative proposals of upconversion mechanisms for the upconversion 
emissions of both α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
nanoparticles samples. (a) for the 1I6→3F4 Tm3+ transition; (b) for the 1G4→3H6 and 1G4→3F4 Tm3+ 
transitions. 
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(a) 
 
(b) 
Figure 3.9: Schematic qualitative proposals of upconversion mechanisms for the upconversion 
emissions of both α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
nanoparticles samples. (a) for the 1D2→3F4 and 1D2→3H6 Tm3+ transitions; (b) for the 5S2→5I8 Ho3+ 
transition. 
One may note from Figure 3.6 and Figure 3.7 that the number of absorbed photons (n) 
involved in the 1I6→3F4 and 1G4→3F4 upconversion emissions of Tm3+ is different for the α-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles samples. 
This result may reflects the influence of the crystalline phase on the upconversion mechanism, 
especially in the population of the high energy 1I6 and 
1G4 emitting states of Tm
3+. To the 
aforementioned transitions, the n value in the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 are lower than 
the ones for the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4. With these values, it is possible to propose 
the mechanisms of each Tm3+ and Ho3+ emissions. However, it is important to emphasize that 
these proposals shown in Figure 3.8 and Figure 3.9  are some of the many possible mechanisms 
for these emissions. The hard proof of any mechanism involves lifetime decay measurements 
of each transition in combination with the power law. Hereafter is given the qualitative 
mechanisms proposals explanation for each emission in each one of the samples: 
Tm3+ emission 1I6→3F4: for the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4, the n = 2.55, can be 
assumed as close to n = 3. Initially, the Yb3+ ion absorbs one photon and through an Energy 
Transfer (ET) the Tm3+ 3H5 level is populated, followed by a non-radiative decay to 
3F4. After 
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that, two ET process occur resulting on the population of 1G4 level. A Cross Relaxation (CR) 
involving a neighbor Tm3+ ion may happen, populating 1I6 level, resulting in the emission after 
the absorption of 3 photons. However, the mechanism of this transition for the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 sample is quite different. Initially the ET from Yb
3+ to Tm3+ 
populates the 3H5 level, followed by the non-radiative decay to the 
3F4 level. After two more 
ET first the 3F2 and then 
1G4 levels are populated. A CR process populates the 
1D2 level, from 
which Excited State Absorption (ESA) populates the high lying 3P2 level. Through a non-
radiative decay, the 1I6 level is populated, resulting into the emission after the absorption of 4 
photons.  
Tm3+ emissions 1D2→3H6 and 1D2→3F4: For both nanoparticle samples, the n value for 
these two transitions can be approximated to n = 3. The mechanism for the population of 1D2 
starts with the ET from Yb3+ to Tm3+ populating 3H5 level, the non-radiative decay followed by 
other ET populates first the 3F2 and then the 
1G4 level. A CR process populates the 
1D2 level, 
resulting in these two emissions, after the absorption of 3 photons. 
Tm3+ emissions 1G4→3H6 and 1G4→3F4: The 1G4→3H6 transition, has its n value close to 
3 only for the sample β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 the mechanism for the population of 
these level by the absorption of 3 photons was described in the previous paragraph. However, 
for the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles, the n value of this transition is closer to 
2. The higher Yb3+ content on the nanoparticles composition allows that the Cooperative Energy 
Transfer (CET) mechanism is viable for these samples, in spite of its low efficiency for other 
systems47. Through that mechanism, two Yb3+ ions close to each other absorbs one photon each, 
and the 1G4 level of Tm
3+ can be populated by ET, explaining the n = 2 for the transitions from 
this level. 
Ho3+ emission 5S2→5I8: Finally, for the Ho3+ emission, in both nanoparticles, the n value 
can be approximated by 2. Through the ET from Yb3+ to Ho3+ the level 5I6 is populated, and 
ESA populates the emitting level 5S2, from which the emission occur after the absorption of 2 
photons. 
One may notice from the above upconvertion mechanisms descriptions and from schematics 
(Figure 3.8 and 3.9), that for the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles, the cross-
relaxation (CR) and cooperative energy transfer (CET) mechanisms are more likely to be 
observed than in the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles. Besides that, for both 
nanoparticles samples, the ET, CR and CET could explain the upconversion emission proposals 
between the sensitizer/activator pairs Yb3+/Tm3+ or Yb3+/Ho3+ ions, meaning that Tm3+ ions did 
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not influence on the Ho3+ upconversion mechanisms and vice-versa, which was the case for the 
samples discussed in Chapter 2.  
For both α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
nanoparticles, the measurements of the upconversion emission intensities as a function of the 
temperature in the 110 – 273 K range were performed. The emission intensity ratio between the 
bands attributed to 1D2→3F4 (442 – 460 nm range) and 1G4→3H6 (460 – 498 nm range) 
transitions attributed to Tm3+ ion greatly changes as a function of the temperature (Figure 3.10).  
 
(a) 
 
(b) 
Figure 3.10: Dependence of the Tm3+ upconversion emission intensity with the temperature, showing 
the variation of Tm3+ 1D2→3F4 (450 nm) and 1G4→3H6 (475 nm) emissions of: (a) α-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 and (b) β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 samples. 
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Figure 3.11 and 3.12 shows the plot of A450 and A475 as well as the LIR of each sample 
as a function of the temperature. The Luminescence Intensity Ratio (LIR), the relative thermal 
sensitivity (Sr) in % K
-1 and the temperature resolution (ΔT) were calculated using the equations 
2.1, 2.2 and 2.3 described in Chapter 2. 
 
(a) 
 
(b) 
Figure 3.11: Temperature dependence of the Tm3+ emissions centered in 450 and 475 nm with the 
temperature (a) and the LIR (b) for α-NaYb0.68Gd0.30Tm0.015Ho0.005F4. 
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(a) 
 
(b) 
Figure 3.12: Temperature dependence of the Tm3+ emissions centered in 450 and 475 nm with the 
temperature (a) and the LIR (b) for β-NaYb0.68Gd0.30Tm0.015Ho0.005F4. 
The energy levels 1D2 and 
1G4 of Tm
3+ are separated by more than 2000 cm-1, therefore 
they are not thermally coupled levels50, so the thermal dependency of both emission bands is 
completely independent of each other. Even though, the increase on the temperature leads to an 
increase of the non-radiative paths, leading to the decrease of the emission intensities of both 
levels. As one may observe, the decrease of the A450 and A475 with the temperature follows the 
same profile, for both α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure 3.11a) and β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure 3.12a). However, comparing between the samples 
(Figure 3.11 a and Figure 3.12b), it can be noted that this profile is different for α and β-phase 
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nanoparticles. The influence of the crystalline phase on the temperature-dependent emission 
profile of the samples results in different profiles for the LIR (Figure 3.11b and Figure 3.12b) 
of each crystalline phase. 
 
(a) 
 
(b) 
Figure 3.13: Thermal relative sensitivities (Sr) and temperature resolution (ΔT) for (a) α-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 and (b) β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 samples. 
From Figure 3.13 one may notice that the maximum relative sensitivity (Sm) reaches 
2.77 %·K-1 at 273 K for the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure 3.13 a) and 3.24 %·K-1 
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at 203 K for the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 (Figure 3.13 b) sample. Given the fact that 
the α and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles have similar size (Figure 3.3), the 
differences between the relative thermal sensitivities of both samples can be attributed only to 
the different crystalline phases (α or β) where the Tm3+ ions are doped. In order to achieve a 
viable application of a nanothermometer in a dispositive, its relative thermal sensitivity has to 
be higher than 1 % K-150. Besides that, it is also interesting that in the operational range, the 
temperature resolution (ΔT) is the minimal possible. For the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
(Figure 3.13 a) the ΔT is lower than 0.05 K at both operational ranges (from 173 to 243 K and 
263 to 280 K). The β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 has also two operational ranges (Figure 
3.13 b), with ΔT lower than 0.04 at the 83 to 123 K range, and ΔT lower than 0.01 K from 173 
to 220. This data shows that the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 sample have a better 
performance as a nanothermometer, due to its lower ΔT (0.01 K) and high Sr at the operational 
173 - 220 range. Nevertheless, both samples have higher, or comparable relative sensitivities 
than fluoride/oxide Ln-UCNP systems described on the literature80,88. 
 
α and β-NaGd0.94Pr0.02Er0.02Yb0.02F4 nanoparticles 
The upconversion emission spectra of the α/β-NaGd0.94Pr0.02Er0.02Yb0.02F4 samples are 
shown in Figure 3.14. The direct comparison of the intensities is possible, as the samples were 
measured using an integrating sphere. The 980 nm laser (600 mW) was focused on the samples 
using convergent lens. 
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Figure 3.14: UC spectra of the α and β- NaGd0.94Pr0.02Er0.02Yb0.02F4 obtained in an integrating sphere 
The doping molar composition of 2 % Pr3+, 2% Er3+ and 2% Yb3+ was chosen in order 
to maximize the Er3+ emission in 540 nm. It can be noted from the emission spectra (Figure 
3.14) that this was achieved for both samples. This strong emission in 540 nm is interesting for 
the indirect excitation of Rose Bengal. As previously discussed, these molecules can be 
functionalized into the nanoparticles surface, resulting in an interesting platform for 1O2 
generation. 
Besides, β-NaGd0.94Pr0.02Er0.02Yb0.02F4 has a higher emission intensity than the α-
NaGd0.94Pr0.02Er0.02Yb0.02F4 sample following the expected tendency. Once again, the proximity 
between the doped Ln3+ and the lower symmetry Ln3+ site in the β-NaGd0.94Pr0.02Er0.02Yb0.02F4 
results into a higher upconversion emission intensity of this sample. 
The emission spectra of the samples with variable power is given in Figure 3.15 and 
3.16  as well as the log-log plot of the upconversion emission intensity versus the laser power. 
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 (a) 
 
(b) 
Figure 3.15: Upconversion emission spectra as a function of different 980 nm laser power (a) and 
log-log plots of the upconversion luminescence intensity versus 980 nm laser power of the sample α- 
NaGd0.94Pr0.02Er0.02Yb0.02F4.  
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(a) 
 
(b) 
Figure 3.16: Upconversion emission spectra as a function of different 980 nm laser power (a) and 
log-log plots of the upconversion luminescence intensity versus 980 nm laser power of the sample β- 
NaGd0.94Pr0.02Er0.02Yb0.02F4.  
The number of absorbed photons (n) for each emitted photon for the Er3+ 2H11/2→4I15/2, 
4S3/2→4I15/2 and 4F9/2→4I15/2 transitions in both α-NaGd0.94Pr0.02Er0.02Yb0.02F4 and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 nanoparticles are given in Table 3.3 and all values can be 
approximated by 2. 
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Table 3.3: Value of n for each Ln3+ transition and R fitting parameter obtained for both α and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 nanoparticles samples. 
 α-NaGd0.94Pr0.02Er0.02Yb0.02F4 β-NaGd0.94Pr0.02Er0.02Yb0.02F4 
Transition (Ln3+) n R n R 
2H11/2→4I15/2 (Er3+) 1.79 0.96 1.82 0.99 
4S3/2→4I15/2 (Er3+) 1.55 0.99 1.76 0.99 
4F9/2→4I15/2 (Er3+) 1.48 0.85 1.67 0.95 
 
From Figure 3.15 and 3.16 and Table 3.3 one can notice that for the 4F9/2→4I15/2 emission 
the linear fit is not as good as for the other transitions. As already discussed above, the samples 
doping with Pr3+/Er3+/Yb3+ was planned to enhance the emission intensity from the  
2H11/2→4I15/2 and 4S3/2→4I15/2 Er3+ transitions. Therefore, the resulting band intensity of 
4F9/2→4I15/2 transition on these samples is very low, leading to a poor quality of the linear fit in 
the power law curve.  Since all the upconversion emissions of these samples can be explained 
by the absorption of two photons, the proposed mechanisms for the green and red emissions of 
the samples are shown in Figure 3.17. Once again, these are based on the power law, as the 
detailed mechanism studies are out of the scope of this work. It is also shown in Figure 3.17 the 
mechanism that explains the increasing on the Er3+ green emission at the expense of the red one 
by the doping combination of Pr3+/Er3+/Yb3+. 
 
(a) 
 
(b) 
Figure 3.17: Proposals of upconversion emission mechanisms for the α-NaGd0.94Pr0.02Er0.02Yb0.02F4 
and β- NaGd0.94Pr0.02Er0.02Yb0.02F4 samples (a) and the mechanism of the green emissions increase by 
doping with Pr3+ (b). 
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Er3+ emissions 2H11/2→4I15/2 and 4S3/2→4I15/2: Initially, Yb3+ absorbs on photon and after 
Energy Transfer (ET) from Yb3+ to Er3+, the 4I11/2 level is populated. From this level, the Excited 
State Absorption (ESA) mechanism populates the 4F7/2 levels and after a non-radiative decay. 
the 2H11/2 and 
4S3/2 levels are populated, from which the green emission occurs. 
Er3+ emission 4F9/2→4I15/2: After the ET from Yb3+ to Er3+, the 4I11/2 level is populated. 
However, a non-radiative decay to the 4I13/2 level can happen, followed by another ET, 
populating the 4F9/2 level, resulting in the red emission. 
Improvement of green emission by Pr3+ doping: To the explanation of this experimental 
observation79, we propose the mechanism described in Figure 3.17b. Both Pr3+ and Er3+ levels 
are populated by ET and ESA mechanisms, and a CR between the 4I11/2 
(Er3+),1D2(Pr
3+)→4I13/2(Er3+),3P0(Pr3+) can happen. This indirectly decrease the population of 
the Er3+ level 4F9/2 responsible for the red emission, and increases the population of the 
2H11/2 
and 4S3/2 levels, resulting on the increase of the green emission. Once again, these mechanisms 
could be proved by lifetime measurements, but the study of these mechanisms are not on the 
scope of this work. 
It is interesting to notice that, for these samples compositions (NaGd0.94Pr0.02Er0.02Yb0.02F4), 
the α/β crystalline phases and the nanoparticles different sizes (Figure 3.4) did not have a 
significant influence on the upconversion mechanisms, as it was observed for the α/β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles discussed early on this chapter. This data 
indicates the importance of the full structural/morphological/spectroscopic characterization of 
the Ln-UCNP in order to understand the trends observed for the upconversion emission of each 
nanoparticles composition. The careful analysis of all these aspects allows to predict which 
composition will have its properties strongly influenced by the size/shape of the nanoparticles 
or by the crystalline phase.  
The measurements of the upconversion emission intensities as a function of the temperature 
in the 133 – 323 K range were also performed for these samples. The intensity ratio was 
measured between the integrated areas of 2H11/2→4I15/2 (514 - 533 nm range) and 4S3/2→4I15/2 
(533 - 564 nm range) transitions attributed to Er3+. The changes on the Er3+ intensities for both 
α-NaGd0.94Pr0.02Er0.02Yb0.02F4 and β-NaGd0.94Pr0.02Er0.02Yb0.02F4 with the temperature is shown 
in Figure 3.18.  
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(a) 
 
(b) 
Figure 3.18: Dependence of the Er3+ upconversion emission intensity with the temperature, showing 
the variation of Er3+ 2H11/2→4I15/2 (520 nm) and 4S3/2→4I15/2 (540 nm) transitions for: (a) α-
NaGd0.94Pr0.02Er0.02Yb0.02F4 and (b) β-NaGd0.94Pr0.02Er0.02Yb0.02F4 samples 
Figure 3.19 and 3.20 shows the plot of A520 and A540 as well as the LIR of each sample 
as a function of the temperature. The Luminescence Intensity Ratio (LIR), the  maximum 
relative thermal sensitivity (Sm) in % K
-1 and the temperature resolution (ΔT) were calculated 
using the equations 2.1, 2.2 and 2.3 described in Chapter 2. 
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(a) 
 
(b) 
Figure 3.19: Temperature dependence of the Er3+ emissions in 520 and 540 nm with the temperature 
(a) and LIR for α-NaGd0.94Pr0.02Er0.02Yb0.02F4 sample.  
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(a) 
 
(b) 
Figure 3.20: Temperature dependence of the Er3+ emissions in 520 and 540 nm with the temperature 
(a) and LIR for β-NaGd0.94Pr0.02Er0.02Yb0.02F4 sample.  
The variation of the emission  intensities bands from 2H11/2→4I15/2 (520 nm) and 
4S3/2→4I15/2 (540 nm)  Er3+ transitions follow an opposite tendency with the increase of the 
temperature for both α-NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.19a) and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.20a). Due to the very low energy gap (nearly 800 cm
-1)50 
between 2H11/2 and 
4S3/2, they are called thermally coupled levels
50, which makes Er3+ the most 
widespread ion for nanothermometry73,89,90,91,80. With the increase of the temperature, the 2H11/2 
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level is populated resulting on the increase of the 520 nm transition with the increase of the 
temperature. The thermal effect is very similar for both α and β crystalline phases, resulting 
also in a very similar LIR profile for both α-NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.19b) and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.20b) samples. 
 
(a) 
 
(b) 
Figure 3.21: Thermal relative sensitivities (Sr) and temperature resolution (ΔT) for (a) α-
NaGd0.94Pr0.02Er0.02Yb0.02F4 and (b) β-NaGd0.94Pr0.02Er0.02Yb0.02F4 samples. 
From Figure 3.21 one may notice that the maximum relative sensitivity (Sm) reaches 
3.81 % K-1 at 133 K for the α-NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.21 a) and 4.40 % K-1 at the 
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same temperature for the β-NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.21b). Yu et al80 discussed the 
thermal dependence of the UC process of Er3+ ions in samples of NaYF4:Yb:Er in both α and β 
phases. They observed very different profiles of 2H11/2→4I15/2 (520 nm) and 4S3/2→4I15/2 (540 
nm) Er3+ emissions with the temperature, for the nanoparticles in α and β crystalline phases. 
The authors found out that in the very small (6 nm) α-NaYF4:Yb:Er phase, the energy transfer 
process from Yb3+ to Er3+ were not as efficient as the one in the bigger β-NaYF4:Yb:Er phase 
(45 nm). The more efficient energy transfer from Yb3+ to Er3+ into the β crystalline phase is 
also one of the reasons for the much higher upconversion emission intensity of β phase 
compared to the α phase. The authors also attributed the difference to the higher importance of 
surface effects for the very small α-NaYF4:Yb:Er nanoparticles. As far as we are concerned, 
besides this thesis, the article by Yu et al80 is the only one comparing the emission behavior of 
Ln3+-doped NaLnF4 in both crystalline phases with the temperature. However, the authors did 
not calculated the LIR, Sr and ΔT parameters of the samples. For the samples discussed on this 
thesis, the mean size of α-NaGd0.94Pr0.02Er0.02Yb0.02F4 (11 nm) and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 (40 nm) samples is also very different (Figure 3.6) and the  A520, 
A540 and LIR profiles are very similar for both samples. Their Sm was found at the same 
temperature (133 K) but with different values, showing that for these samples, the crystalline 
phase and the size did have a significant influence on the Sm.  
As previously discussed, the application of a nanotermometer is viable if its Sr values is 
above 1 % K-1 and has the minimal ΔT as possible. The α-NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 
3.21a) has the ΔT lower than 0.018 K at the entire range (133 – 323 K) of measurements, while 
the β-NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.21b) have the ΔT lower than 0.007 K for the 133 – 
303 K range. Both nanoparticles systems are among the Ln-UCNP systems with the highest Sm 
and lowest ΔT reported up to date, being very suitable for low temperature thermal sensing. 
Comparing the α with the β-NaGd0.94Pr0.02Er0.02Yb0.02F4 samples, the higher Sr, emission 
intensity and lower ΔT of the β-phase nanoparticles makes them the most suitable for a real 
sensing dispositive. 
 
The comparison between all the nanoparticles samples discussed on this chapter with 
some similar systems using upconversion nanoparticles for nanothermometry found on the 
literature are given on the following Table 3.4. The properties selected for comparison are: the 
maximum relative sensitivity (Sm) values, the temperature which they are found and the 
operational range of temperatures of each system. 
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Table 3.4: Maximum relative sensitivities (Sm), the temperature where it is found and the operational 
range of many Ln-UCNP systems. 
Samples Ln3+(LIR) 
Sm 
(K) 
T 
(K) 
Operational 
Range (K) 
Reference 
α-NaGd0.94Pr0.02Er0.02Yb0.02F4 
Er (520/540) 
3.81 133 133-323 This work 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4 4.40 133 133-323 This work 
α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
Tm (475/450) 
2.77 273 193-213 This work 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 3.24 203 
83-121 and 
173-218 
This work 
SrF2:Er:Yb Er (520/540) 1.16 300 300-330 
73 
YF3:Yb:Tm:Er 
Er (520/540) 1.01 293 293 
88 
Er/Tm (700/650) 1.89 393 320 - 550 
β-NaLuF4:Yb:Er Er (520/540) 1.00 - 308-313 
89 
β-NaYF4:Er:Yb Er (520/540) 0.32 298 - 
92 
β-NaYF4:Er:Yb Er (520/540) 1.20 300 160-300 
65 
β-NaLuF4:Y;Tm:Gd Gd (307/312) 0.04 333 - 
93 
 
From Table 3.4, it is possible to notice that for the NaGd0.94Pr0.02Er0.02Yb0.02F4 system 
the relative thermal sensitivities are the highest ones among the compared systems at low 
temperatures. These comparisons shows that the characteristics of the samples discussed on this 
chapter are promising for the application in very low temperature sensors. 
 
3.3.2 Magnetic Characterization 
The magnetic characterization of the nanoparticles were performed in collaboration with 
the group of professor Muralee Murugesu at the University of Ottawa, in Canada. The Zero 
Field Cool/Field Cool (ZFC/FC) measurements obtained in the 2 to 300 K range (Figure 3.22) 
as well as the magnetization plots from -20000 Oe to 20000 Oe (Figure 3.23) were performed 
for all the samples from both compositions at both α/β crystalline phases. 
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Figure 3.22: Zero-Field Cool/Field Cool (ZFC/FC) measurements performed from 2 to 300 K 
for the α/β-NaGd0.94Pr0.02Er0.02Yb0.02F4 and α/β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles 
using an applied field of 100 Oe.  
 
 
Figure 3.23: Hysteresis curves performed at 2 K for the α/β-NaGd0.94Pr0.02Er0.02Yb0.02F4 and α/β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles. Inset shows a zoom into the hysteresis curve. 
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One may observe from Figure 3.22 that for all the nanoparticles samples the ZFC and 
FC curves are coincident, exhibiting absence of superparamagnetic behavior and no blocking 
temperature in the measured temperature range. The dependence of the magnetization with the 
applied magnetic field ranging from -5 to 5 T can be seen in the hysteresis plot inset at Figure 
3.23. It is noteworthy that the hysteresis curves does not exhibit any coercivity, indicative of 
the absence of remnant magnetization after the removal of the applied field, therefore, once 
again no superparamagnetic behavior was found and the samples can be classified as simple 
paramagnets. The samples with the highest magnetization values were the α-
NaGd0.94Pr0.02Er0.02Yb0.02F4 (143 emu/g) and β-NaGd0.94Pr0.02Er0.02Yb0.02F4 (130 emu/g) 
nanoparticles. For the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
nanoparticles, the magnetization values were much lower: 55 emu/g and 44 emu/g respectively. 
However, the magnetization values for these samples are among the highest ones found on the 
literature for NaLnF4 fluoride samples. For β-NaGdF4:Er:Yb nanocubes, Chen et al94 found a 
maximum magnetization of 3.5 emu/g at 85 K for an applied field of 10 kOe, and Holmberg et 
al34 obtained the value of 40 emu/g for α-NaYF4:Er:Yb nanoparticles. The highest 
magnetization values are related not only to the samples composition, but also with the 
crystallization into the α or β-phase. Its noteworthy that these magnetic measurements are 
scarce in the literature for NaLnF4 nanoparticles, as the researches of these systems are mainly 
focused on the luminescent properties of these fluorides. When magnetic measurements are 
reported, only the application of the nanoparticles as T1/T2 contrast agents are described
76,75. 
Nevertheless, the peculiar magnetic properties of the samples prepared on this thesis will be 
studied in future projects.  
3.4 Conclusion 
Whithin this chapter, it was discussed the synthesis, structural, photophysical and 
magnetic characterization of Ln-UCNP in two different compositions: 
NaYb0.68Gd0.30Tm0.015Ho0.005F4 and NaGd0.94Pr0.02Er0.02Yb0.02F4. The modifications on the 
method allowed the control of the crystalline phase only by stopping the synthesis at a certain 
point, whit no need of changing the solvent or the nanoparticle composition. The obtained 
samples had both their crystalline phase and size/shape characterized by XRD and TEM 
respectively. Luminescence spectroscopic measurements showed that the influence of the 
crystalline phase on the nanoparticles emission properties can be altered or not depending on 
the nanoparticles composition. Tm3+ and Er3+ emissions on the doped nanoparticles were 
measured as a function of the temperature. The results show that the synthesized nanoparticles 
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have higher thermal relative sensitivity and better temperature resolution than similar systems, 
which make them suitable for application in nanothermometry at very low temperature range. 
As far as we are concerned, the sample β-NaGd0.94Pr0.02Er0.02Yb0.02F4 showed the highest 
magnetization value reported so far. Regarding the magnetic properties, both the crystalline 
phase and the nanoparticles composition played an important role. The sample α-
NaGd0.94Pr0.02Er0.02Yb0.02F4 showed the highest magnetization value reported so far. A detailed 
study of the obtained magnetic results for these nanoparticles will be the subject of future 
projects. 
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Chapter 4  
Synthesis, spectroscopic and magnetic 
characterization of core@shell NaLnF4@NaLnF4 
nanoparticles for singlet oxygen generation and 
thermal sensing 
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4.1 Introduction 
The ability to manipulate the synthesis of nanomaterials towards the improvement of 
their specific photophisical  properties is essential to allow their applications. For Ln3+-doped 
UCNP of the type NaLnF4, the high intensity of the upconversion (UC) emission is desired for 
the application of such systems in bioimaging, temperature sensors, photodynamic therapy 
(PDT) 16 real time monitoring of drug delivery95 and so on. 
For these nano systems, the improvement of the emission intensity can be achieved by 
synthesizing core@shell nanostructures. Since very small nanoparticles are desired, mainly for 
biological applications, its surface area is very high, which means that a large part of the doped 
active ions are located at the nanoparticles surface. The growing of a protective shell over the 
small active-core minimizes the surface defects and shields the active ions from the effect of 
non-radiative decay routes provided by surface ligands or the solvent media where the 
nanoparticles may be suspended. The composition of this protective shell is also important, and 
many different compositions are described on the literature, depending on the desired 
application for the nanoparticles42. 
Lu et al15 synthesized core@shell UCNP where the core composition is β-
NaLuF4:Gd:Er:Yb with an empty cavity among the core and an organic-functionalized silica 
shell, where photosensitizers such as ZnPc-COOH (β-carboxyphthalocyanine zinc) or Rose 
Bengal were carried. TEM images show the nanostrucutration, named by the authors as a Rattle-
Structured UCNP. The nanoparticles were functionalized with targeting molecules and the 
efficacy of the system for PDT at human lung cancer cells (H1299) was achieved. The 
core@silica shell structuration was used to add a multifunctional capacity to the nanoparticles. 
Li et al96 used heterogeneous core@shell approach, growing an inactive and optically 
transparent CaF2 shell on α-NaLuF4:Yb:Ln@CaF2 (Ln = Er, Tm, Ho). The authors observed a 
great improvement of the nanoparticles UC luminescence upon the growing of the shell. 
The protective-shell can also be synthesized from inactive NaLnF4, and the 
improvement of the UC emission intensity was also achieved by Mai et al97 using this approach. 
However, Vetrone et al98 showed that depositing an active-shell layer containing the absorbing 
Yb3+ ion over NaGdF4:Er:Yb core were a much more effective strategy to improve the UC 
emission intensity of the nanoparticles. For a shell layer composed by NaLnF4 grown over the 
NaLnF4 core nanoparticles, the main evidence of the core@shell formation usually is indirect 
being  the increase on the UC emission intensities one of the decisive parameters. The direct 
proof of core@shell structuration is possible by using Scanning Transmission Electron 
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Microscopy (STEM) combined with the Electron Energy Loss Spectroscopy (EELS) and 
Energy Dispersive X-Ray Spectroscopy (EDS), that allows the mapping of the elemental 
composition of such nanoparticles. 
In this work the photophysical studies of two main core@shell Ln-UCNP systems were 
made using core Ln-UCNP β-crystalline phase: β-NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4 and β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4. For core@shell nanoparticles, the synthesis is 
usually made in many steps, separating the core and further depositing the shell layers. 
However, a one-pot synthesis can avoid the agglomeration of the core UCNP resulting in the 
formation of homogeneous core@shell samples. Prorok et al99 performed a one-pot core@shell 
α-NaYF4:Tb:Yb@CaF2 synthesis, where after the core formation at 305 °C the reaction 
temperature is lowered to 250 °C, the shell layer precursors are injected dropwise and the 
reaction temperature is once again increased to 305 °C. The latter authors showed by TEM and 
Luminescence Spectroscopy (LS) studies that the shell precursor addition in many steps 
resulted in a more homogeneous shell covering than the one-step addition approach. A similar 
procedure was used in this work, but β-core@shell were prepared instead of α-core@shell Ln-
UCNP. Besides that, it was used the approach of the active-shell in order to further increase the 
UC luminescence intensity. The resulting nanoparticles from the modified one-pot synthesis 
had the core@shell structuration fully proved and the structural, photophysical, magnetic and 
thermal sensing properties were also studied.  
Aiming the use of Ln-UCNP for PDT the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4 were 
functionalized with the photosensitizer Rose Bengal (RB). The doping combination of Pr3+, 
Er3+ and Yb3+ results in a high intensity of the Er3+ green emission79 that can be used to excite 
indirectly the photosensitizer RB anchored at the UCNP surface. At the end of the chapter, the 
proof of concept of 1O2 generation by the UCNP functionalized with Rose Bengal molecules 
will be presented. 
 
4.2 Experimental Section 
To synthesize the NaLnF4@NaLnF4 core@shell nanoparticles, it was used a modification 
of the one-pot approach described by Prorok et al99 for the synthesis of NaLnF4@CaF2 
nanoparticles. For the samples prepared on this thesis, the core was prepared in the hexagonal 
(β) crystalline phase according to the methodology developed by us and described in Chapter 
3. For the shell deposition, some small modifications from the method used by Prorok99 such 
as  time and temperatures used during the shell layer addition were performed. Three different 
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experimental conditions for addition of the shell layer precursor were performed in order to 
achieve the best shell covering. Besides that, in order to investigate the photophysical properties 
of the Ln-UCNP, core@shell nanoparticles with an active-shell layer doped with Yb3+ ions 
were synthesized in order to compare their upconversion emission intensity with the ones with 
an inactive-shell layer covering. The precursors used were the [Ln(CF3COO)3] and CF3COONa 
prepared as described at the 3.2 Experimental Section of Chapter 3. The other reagents were 
used as received with no further purification. 
 
4.2.1 Synthesis of core@shell β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaYF4 and 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4@NaYF4. 
The first part of the core@shell nanoparticles synthesis is the same as the synthesis of 
the core nanoparticles in the β-phase, followed by the deposition of the shell layers. Since the 
synthesis of the core β-phase nanoparticles were already described in detail at the previous 
chapter, this first part will be only briefly described here for the sake of clarity of the entire 
experimental procedure. 
To a 250 mL round bottom flask 1.5 mmol of [Ln(CF3COO)3], 1.5 mmol of CF3COONa 
were added to 15 mmol of oleic acid (Aldrich, 90%), 15 mmol of oleylamine (Aldrich, 70%) 
and 30 mmol of 1-octadecene (Aldrich, 90%). This mixture was heated to 100 °C under vacuum 
for 30 minutes. After that, a gentle argon flux was introduced into the reaction vessel and the 
temperature was raised to 310 °C at a 10 °C/min rate. The reaction was kept at this temperature 
for 20 minutes for the synthesis of α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 or 15 minutes for the 
synthesis of α-NaGd0.94Pr0.02Er0.02Yb0.02F4. The α to β phase transformation was achieved by 
the addition of 2.6 mmol of CF3COONa simultaneously to the increase of the reaction 
temperature to 330 °C. 
 To synthesize the core@shell Ln-UCNP the CF3COONa and [Ln(CF3COO)3] shell 
layer precursors were previously added to a 50 mL round botton flask with 10 mmol of oleic 
acid (3.53 mL) and 10 mmol (3.56 mL) of 1-octadecene. This mixture was kept at 100 °C for 
30 minutes in an oil bath under magnetic stirring and vacuum. After this time, the vacuum was 
changed for a gentle argon flow and the mixture was kept at this temperature until the addition 
into the reaction vessel containing the core Ln-UCNP.  
As mentioned before, the shell layer preparation was made with different approaches: 
@1, @2 and @3 steps of the shell precursor addition. In each step, 0.5 mmol of the 
[Ln(CF3COO)3] and 0.5 mmol of CF3COONa were added. After the formation of  β-Ln-UCNP 
(at 330 °C), the reaction temperature was decreased to 260 °C and the solution containing the 
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shell precursors was quickly added into the reaction vessel using a peristaltic pump at a flow 
rate of 7 mL min-1. At the end of the addition, the reaction was kept at 260 °C for 30 minutes. 
This procedure was repeated for each shell layer, @2 and @3 steps 
After all shell layer addition steps, the solution was left to cool naturally to the room 
temperature and the core@shell nanoparticles separation was performed using the same 
procedure as previously described (Chapter 3) for the core nanoparticles separation. The 
following Figure 4.1 shows the temperature profile during the synthesis of the core@shell 
nanoparticles. 
 
Figure 4.1: Temperature profile of the core@shell nanoparticles synthesis using the thermal 
decomposition method. 
The nanoparticles nominal elementary composition in the core as well as the number of 
shell deposition layers and the Ln3+ compositions in the shell layers are described on the 
samples nomenclature.  
4.2.2 Dispersion of Ln-UCNP to aqueous phase 
The synthesized core@shell nanoparticles have a hydrophobic surface, due to the oleic 
acid stabilization. As mentioned before, the aim was to use the Ln-UCNP for biological 
applications, so it is important to prepare  them hydrophilic. Furthermore, the functionalization 
of targeting molecules and photosensitizers at the nanoparticles surface was also desired. In 
order to achieve both properties, the oleic acid from the nanoparticles surface exchanged by a 
bi-functional  HOOC-PEG-NH2: Poly(ethylene glycol) 2-aminoethyl ether acetic acid (Mn = 
2100, Aldrich). The surface functionalization was performed in two steps described below: first 
the oleic acid was removed from the nanoparticles surface, followed by the functionalization 
with HOOC-PEG-NH2 at the nanoparticles surface. Each step of the functionalization was 
followed by Infrared Spectroscopy (FT-IR) using the ATR method. 
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4.2.2.2. Oleic acid removal from the nanoparticles surface 
The oleic acid removal was performed using the acid treatment combined with 
sonication, as described by Kong et al100. In a 50 mL beaker, 100 mg of the nanoparticles in 
powder form were dispersed in 20 mL of HCl (0.1 mol L-1), and the dispersion was kept in 
ultrasonic bath at 50 °C for 1h. After this period, the nanoparticles were separated by 
centrifugation at 14000 rpm for 30 minutes, washed twice with ethanol, twice with water and 
finally with ethanol. The powder samples obtained were dried and part of the sample was kept 
in powder form, while an amount of 50 mg was dispersed in 5 mL of distilled water for the next 
functionalization step. 
4.2.2.3. Functionalization of the nanoparticles with HOOC-PEG-NH2 
 In a 25 mL round bottom flask, 50 mg of HOOC-PEG-NH2 (Mn = 2100, Aldrich) were 
dissolved in 10 mL of distilled water, resulting in a solution with pH = 9.45. The nanoparticles 
suspension prepared on the previous step was added drop by drop to the HOOC-PEG-NH2 
solution, and the reaction mixture was kept under magnetic stirring at room temperature 
overnight. The nanoparticles in powder form were separated by centrifugation at 14000 rpm for 
30 minutes, followed by a washing step for several times with ethanol and distilled water. 
Finally, the nanoparticles were dispersed in 10 mL of water, and stored at 4 °C. 
4.2.3 Functionalization of of Ln-UCNP with  Rose Bengal  
The first approach for the Ln-UCNP loading with Rose Bengal (RB) molecules was the 
bonding of RB carboxylate group to the Ln3+ ions located at the surface of the Ln-UCNP. In a 
50 mL round bottom flask, 50 mg (0.05 mmol) of Rose Bengal (Vetec, 85%) was dissolved in 
25 mL of distilled water (pH = 6.5) under magnetic stirring at room temperature. 100 mg of Ln-
UCNP were added and the resulting mixture was kept in ultrasonic bath for 15 minutes. After 
this time, the reaction vessel was kept in the dark under magnetic stirring for 24h. The Ln-
UCNP@RB were separated by centrifugation, washed several times with ethanol until the 
supernatant became colorless. The resulting solid was dispersed in acetonitrile (Vetec, 99.5%) 
for storage and for the 1O2 measurements. It is worth to notice that the UCNP loaded with RB 
were the NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaY0.8Yb0.2F4@RB. 
The loading of RB into the Ln-UCNP was calculated from the difference between the 
initial used amount and the unbound RB molecules present in the washing solution, based on 
the intensity of RB absorbance in 547 nm and comparison with a calibration curve. The loading 
amount of RB into the UCNP was found to be around 4 mmols of RB/mg of UCNP.  
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In the second approach, the 5-bromovaleric acid-Rose Bengal derivative (MOD-RB) 
was covalently attached into the HOOC-PEG-NH2 molecules at β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4@PEG-NH2 UCNP surface, forming an amide 
bond. The MOD-RB molecule was gently given by the Ph.D candidate Diogo Alves Gálico 
from Prof. Sigoli´s group and will not be described on this thesis. The nanoparticles 
functionalizarion reaction with MOD-RB was performed following the method reported by Liu 
et al44, and it will be briefly described here. The reaction mechanism as well as the RB and 
MOD-RB structures will be given into Figure B1 at the Apendix B. 
To a 25 mL round botton flask, 36.8 mg of MOD-RB were added with 21.1 mg of N-
(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, (EDC, Aldrich, 99%) and 20.5 
mg of N-Hydroxysuccinimide, (NHS Aldrich, 98%). The solid mixture was dissolved in 5 mL 
of anidrous N,N-Dimethylformamide, (DMF, Aldrich, 99,8%) and kept at room temperature 
under magnetic stirring for 2h. In a separate flask, 35.2 mg of the UCNP-OOC-PEG-NH2 (β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4@OOC-PEG-NH2) were dispersed in 5 mL of 
DMF. After 2h, the nanoparticles suspension was added dropwise to the round botton flask 
containing the MOD-RB and the reaction was carried out for 24h at room temperature under 
magnetic stirring. The UCNP-OOCPEG-NH2 were separated by centrifugation at 14000 rpm 
for 30 minutes and washed with Dimethyl sulfoxide (DMSO Synth-P.A) until the washing 
residue was colorless. Nearly 10 mg of the nanoparticles-RB were kept in powder form and the 
remaining was stored in acetonitrile suspension for posterior characterization and for the 1O2 
measurements.  
 
4.2.4 Characterization of the samples 
The X-Ray diffraction (XRD) patterns of the samples were obtained in a Shimatzu XRD 
7000 diffractometer using CuKα (1.5418 Å) radiation in the 10 to 60° 2θ range with screening 
rate of 2°min-1. The samples were analyzed in powder form. The TEM images for size and 
morphology analysis of the Ln-UCNP were obtained in the Libra-Zeiss transmission electron 
microscope operating at 80 or 120 kV with a tungsten filament. The line scan EDS analysis for 
the core@shell characterization was performed in a TEM-FEG (JEM-2100) transmission 
electron microscope operating at 200 kV located at Brazilian Nanotechnology National 
Laboratory (LNNano – CNPEM). The EDS mapping characterization was obtained by the 
acquisition of high angle annular dark-field (HAADF-STEM) images in an aberration corrected 
scanning transmission electron microscope FEI Titan Themis 60-300 operating at 300 kV 
located at LNNano - CNPEM. Compositional maps were acquired by EDX spectrum imaging 
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(EDX-SI) using a Super-X detector. Complete EDX-spectra were acquired at each SI in the 0–
20 keV energy range. The sample preparation consisted in dispersing one drop of the Ln-UCNP 
stock suspension (around 30 mg/mL) in 2 mL of ethanol. This diluted suspension was kept in 
ultrasonic bath for 30 minutes and left to decant for 15 minutes. A drop of 6 µL was deposited 
in a copper grid with a holy carbon film (TedPella – holy carbon 400 mesh) and naturally dried, 
before analysis. For the core@shell line scan and EDS mapping, the sample was analysed using 
a Cryo-TEM sample holder. 
The UC luminescence spectra of the UCNP were obtained in a Fluorolog-3 (Horiba 
FL3-22-iHR320) spectrofluorimeter with double emission monochromator gratings (1200 gr 
mm-1, blaze at 500 nm). All the emission spectra were obtained in the range of 300 to 750 nm 
and were corrected according to the optical system and the photomultiplier tube (Hamamatsu 
R928P) sensibility. A 980 nm laser with variable power (Crystalaser DL980-1WT0) was used 
as excitation source. 
For the UC mechanism proposal studies, the emission spectra were obtained using as 
the excitation source a 980 nm laser with variable power (Crystalaser DL980-1WT0) focused 
in the sample using convergent lens. In order to evaluate the influence of Ln-UCNP crystalline 
phase on the upconverting emission intensities, the emission spectra were measured using a 
Quanta-  (Horiba F-309) integrating sphere equipped with an optical fibers bundle (NA = 0.22 
– Horiba-FL-3000/FM4-3000) used to guide the UC emission. The 980 nm laser (200 or 600 
mW) used as excitation source was straight aligned into the sphere without using the fibers 
bundle, and focused using a convergent lens. The temperature-dependent luminescence spectra 
of the powder samples were obtained using a cryostat (Janis Research Company VNF-100) 
coupled to the spectrofluorimeter for the measurements from 83-293 K, in triplicate. The 
temperature step was 10 K and the stabilization time was 10 minutes at each temperature.The 
980 nm laser was focused on the powder sample located inside of quartz cell windows with an 
optical path of 0.1 mm.  
The magnetic measurements were performed using a Quantum Design SQUID 
magnetometer MPMS-XL7 operating between 2 and 300 K for dc applied fields ranging from 
-7 to 7 T. The Zero-field cool/field cool (ZFC/FC) measurements were performed between 2 
and 300 K with an applied field of 100 Oe and the hysteresis measurements were performed at 
2 K. 
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Infrared Spectroscopy (FT-IR) of the samples was performed in a Cary 630 Agilent 
spectrometer using the Attenuance Total Reflection (ATR) accessory at the range of 4000 to 
400 cm-1 with the resolution of 4 cm-1 and 64 scans. 
 
4.2.5 Singlet oxygen generation 
As described above, the UCNP loading of the MOD-RB molecule was made by two 
different approaches and for both samples, the 1O2 detection measurements were performed by 
the indirect method using 1,3-Diphenylisobenzofuran (DPBF Aldrich, 97%) as a chemical 
probe for 1O2. 
2 mL of an acetonitrile suspension of the Ln-UCNP (7.1 mg/mL) was saturated with O2 
for 5 minutes in the dark. After that, 500 µL of DPBF in acetonitrile (2.74 ·10-4 mol L-1) were 
added, the cuvette was poured into the UV-Vis equipment under a 980 nm continuous laser 
irradiation, and the UV-Vis spectra was recorded every 2 minutes during 20 minutes. The 
temperature of the solution during the measurements were controlled at 25 °C by a Peltier 
accessory, and the magnetic stirring was kept in 500 rpm.  
 
4.3 Results and Discussion 
The discussion of the results  is organized as followed: First, it will be shown the structural 
and morphological characterization of the core@shell nanoparticles in both compositions with 
many shell additions: β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4 and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4. Following that, it will be compared the UC 
luminescence spectroscopy properties between the samples in order to evaluate the best 
core@shell sample of each composition. For the chosen samples, the emission thermal 
sensitivities and magnetic properties will be discussed. Finally, at the end of this chapter, the 
singlet oxygen measurements of β-NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4@RB will be 
discussed to illustrate the potential application of this system in PDT. 
4.3.1 Structural and Morphological Characterization 
Considering that the Ln-UCNP in the β-phase have higher UC emission compared to the α-
phase ones, for the core@shell synthesis the core was synthesized in the β-phase. In Figure 4.2 
the XRD patterns of pure β-core@shell samples are shown. In general, it can be noted that the 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4 samples (Figure 4.2a) have the XRD peaks broader 
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than the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4 ones (Figure 4.2b) which is probably 
related to the smaller size of β-NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4 UCNP (See the following 
discussion of TEM images). The important conclusion from the XRD analysis is that the shell 
layer can be added in many different steps while the core remains as the β phase. It was also 
not observed neither  the shell layer material segregation (NaYF4) in the α-phase, nor any α/β 
phase mixing even for the samples which the shell layer was doped with 20 mol % of Yb3+. 
Therefore, the choice of the best number of steps for the shell layer formation relies on the TEM 
and Luminescence Spectroscopy analysis. 
 
 
(a) 
 
(b) 
Figure 4.2: XRD patterns of core@shell Ln-UCNP: (a) β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4 (b) β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4. 
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As mentioned in the experimental procedure, the core@shell UCNP were synthesized using 
the shell layer precursor addition in @1, @2 and @3 steps in one pot. However, the evaluation 
of the shell layer covering by TEM analysis was performed only for the main core@shell 
samples, with the addition of the shell layer in @1 and @3 steps for both nanoparticles 
compositions. 
 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4 nanoparticles 
 
(a) 
 
(b) 
 
(c) 
Figure 4.3: TEM images of β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@1NaYF4 UCNP (a) low 
magnification image, (b) high magnification image and (c) size distribution histogram. 
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From the TEM images of β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@1NaYF4 (Figure 4.3) it is 
possible to notice that they have uniform mean size of 21.3 ± 4.3 nm and spheroidal 
morphology. In Figure 4.3b it is possible to observe a contrast that might be from the 
core@shell structure, but a detailed mapping of the Ln-UCNP by HR-TEM and EDS are shown 
in the following Figure 4.4. 
 
(a) 
 
(b) 
Figure 4.4: TEM of β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@1NaYF4 UCNP (a) HR-TEM image (b) High 
Annular Angular Dark Field (HAADF) image.  
In Figure 4.5 the line scan shows the elemental composition of these Ln-UCNP in a cross 
section in order to prove the shell layer covering. 
 
Figure 4.5: Line Scan of the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@1NaYF4 UCNP, mapping Yttrium 
(Y3+) and Ytterbium (Yb3+) elements. 
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The line scan shown in Figure 4.5 shows that in spite of the inhomogeneous covering, the 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@1NaYF4 UCNP have a core@shell structure. The core is 
rich in Yb3+ and the shell layer is a mixing between Y3+ and Yb3+, being rich in Y3+. This is an 
evidence that during the shell addition in only one step, it is possible that [Yb(CF3COO)3] 
precursor is still present in the solution even in small amounts when the shell precursor 
[Y(CF3COO)3] is added, leading to the formation of this mixed composition shell. Another 
possibility is that the shell layer is very thin and could not be solely detected by the TEM probe. 
For either one of these propositions, it is possible to conclude that the shell addition in only one 
step (@1) is not the best one to obtain a uniform and complete shell layer covering in all the 
Ln-UCNP. Figure 4.6 shows the TEM images and also the size distribution histogram of the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4 UCNP.    
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.6: Low magnification TEM image (a), image size distribution histogram (b), Bright Field 
high magnification image (c) and 25 eV EFTEM image (d) of the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4 UCNP. 
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The size distribution and the mean size (56.2 ± 9.5 nm) of the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4 (Figure 4.6d) is larger than the one obtained for β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@1NaYF4 (Figure 4.3c). The contrast between the core and the 
shell layer of the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4UCNP is very clear on Figure 4.6. 
The EFTEM image on Figure 4.6c clearly shows that there is a better shell covering when the 
precursor is added in three steps instead of just one step. In order to improve the light absorption 
at 980 nm, the energy transfer from the surface to the core and the intensity of the upconversion 
emission, one sample with the shell layer addition in 3 steps was synthesized, with the shell 
doped with 20 mol % of Yb3+ ions. The EDS mapping of the samples β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4 and β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 are shown in Figure 4.7 and Figure 4.8, 
respectively.  
 
 
Figure 4.7: EDS mapping showing the elements composition of β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4sample HAADF image, Yb3+, Gd3+ and Y3+ mapping. 
HAADF 
Yb3+ Gd3+ Yb3+ 
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Figure 4.8: EDS mapping showing the elements composition of β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 sample HAADF image, Yb3+, Gd3+ and Y3+ 
mapping.  
The EDS maps from Figure 4.7 (β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4) and Figure 
4.8 (β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4) are the proof that the composition of 
the resulting core@shell nanoparticles are coherent with the ones indicated by the nanoparticles 
nomenclature. Besides that, these images show that the @3 steps shell layer addition results on 
a very uniform shell covering over the nanoparticles. The Luminescence Spectroscopy data that 
that will be discussed later agrees with the TEM evidences that the @3 steps for the shell layer 
addition was the best strategy for the core@shell synthesis. 
 
 
 
 
 
 
HAADF 
Yb3+ Gd3+ Y
3+ 
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β-NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4 nanoparticles 
 
(a) 
 
(b) 
 
(c) 
Figure 4.9: TEM images of β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4 UCNP (a) low magnification 
image, (b) high magnification image and (c) size distribution histogram. 
The β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4 UCNP are uniform regarding their size and 
spheroidal morphology (Figure 4.9) and the histogram of particle size shows that they have the 
mean size of 9.69 ± 1.4 nm. Comparing the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4 TEM 
images (Figure 4.9) with the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@1NaYF4 (Figure 4.3), it is 
possible to notice that the former one (β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4) are much 
smaller and their size distribution are narrower. An evidence of the small size of these Ln-
UCNP was already observed in the XRD pattern of these samples (Figure 4.2) that have broader 
peaks than for the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@1NaYF4 sample.  
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As it was already observed for the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@1NaYF4 sample, the 
shell layer adding in @1 step is not enough to form a homogeneous core@shell structure. 
Therefore, the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4 sample was also synthesized and the 
TEM images and size distribution histogram of these samples are shown in Figure 4.10. 
 
(a) 
 
(b) 
Figure 4.10: TEM image (a) and size distribution histogram (b) of β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4. 
The mean size of the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4 (Figure 4.10) is about 13.6 ± 
1.9 nm, which is bigger than the mean size of the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4 ones. 
This increase on the Ln-UCNP mean size is an evidence of the better shell growing around the 
Ln-UCNP at the three steps shell addition approach. 
In order to map the core@shell structure, it was obtained the Bright Field, Dark Field, and 
EDS line scan for the sample β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4 and the images are shown 
in Figure 4.11. 
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(a) 
 
(b) 
 
(c) 
Figure 4.11:  Bright Field (a) and Dark Field image (b) of the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4. Line 
Scan mapping of Gadolinium (Gd3+), Yttrium (Y3+) and Praseodimium (Pr3+) elements (c) of the UCNP 
showing the core@shell structure. 
 In the Bright Field (Figure 4.11a) and Dark Field (Figure 4.11b) images it is possible to 
see that the core@shell structure of β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4 is more 
homogeneous than the core@shell structure of β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4 (Figure 
4.10). The Line Scan of β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4 (Figure 4.11c) shows that 
there is a core@shell structure where the core is rich in Gd3+ and the shell layer is pure in Y3+ 
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as  expected. This EDS mapping proves that the used methodology of adding the shell in @3 
steps is the best approach for the core@shell synthesis.  
For the nanoparticles of this composition, a sample with the shell layer addition in @3 steps 
and doped with 20 mol % of Yb3+ was also synthesized. Figure 4.12 shows the HRTEM image 
of the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 and Figure 4.13 shows the EDS mapping 
of this sample. 
 
Figure 4.12: High resolution TEM images of β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 UCNP 
showing the core@shell structure. 
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Figure 4.13: EDS mapping showing the elements composition of β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 UCNP sample HAADF image, Yb3+, Gd3+ and Y3+ 
mapping. 
One may clearly observe the core@shell structure of the β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 UCNP. The HRTEM image shows one UCNP 
with 3 different diffraction patterns of the crystalline planes: one corresponding to the core and 
two shell layers. The EDS mapping clearly shows the Gd3+ distribution in the core and the Y3+ 
distribution in the shell.  As discussed previously, the addition of the shell precursor in one step 
lead to the formation of a shell layer that was a mixture of Y3+ and Yb3+, and only using two or 
more addition steps a majority Y3+ shell layer is formed. In Figure 4.12 it is possible to see the 
boundaries between the shell layers grown in these last two addition steps.  
 
4.3.2. Luminescence Spectroscopy 
As mentioned in the previous Chapter 3, the Ln3+ ions have many intermediate energy levels 
between the ground state and the emitting states which have high emission lifetime and 
therefore can be used as energy reservoirs83. However, the existence of several intermediate 
energy levels also makes the Ln3+-doped UCNP emission very sensitive to surface quenching 
routes. Therefore, it is very important to grow a protective shell layer in order to increase the 
HAADF 
Yb3+ Gd
3+ Y3+ 
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Ln-UCNP emission intensity83.  The discussion of the luminescence data will be presented first 
for the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4 following by the β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4 nanoparticles comparing the emission spectra of the 
samples for the different number of shell layer addition. The emission spectra with variable 
excitation power will be presented for the best core@shell samples (the ones with @3 shell 
layer addition) with the proposals of the upconversion emission mechanisms suggested from 
the power law. For each nanoparticle composition, the dependence of the emission spectra with 
the temperature and the thermal sensitivities for the best core@shell samples will also be 
discussed. 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4 nanoparticles 
As mentioned above, the UC emission of Ln3+-doped UCNP can be significantly affected 
by surface quenching effects. The doped Ln3+ distribution in small nanoparticles is mostly at 
the surface, since the smaller the nanoparticle  the higher is its surface area. The approach of 
using an optically transparent protective shell layer is known to be effective to protect the Ln3+ 
ions at the nanoparticles surface from quenching mechanisms due to surface defects (such as 
dangling bonds), stabilizing agents and solvent molecules.  The UC emission spectra of the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4 with different number of shell layers addition is 
shown in Figure 4.14. For the quantitative comparison between the samples absolute emission 
intensity, the emission spectra were all measured using an integrating sphere and the same laser 
power (200 mW). 
 
Figure 4.14: UC spectra of the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4 UCNP sample from 300 
to 750 nm range. 
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All the UC emission spectra shown in Figure 4.14 have the emission bands of Tm3+ and 
Ho3+ doped ions in the UV-Vis range. In the previous TEM discussion, it was possible to 
conclude that the @3 steps of shell layer addition resulted in the best covering of the core 
nanoparticles, which was expected to increase the UC emission intensity of the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4 sample. In fact, from Figure 4.14 one may observe  
that the UC luminescence intensity increase as a function of the  number of steps of the shell 
layer addition. In order to further improve the UC emission intensity of the nanoparticles the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 system was preprared , showing the highest 
UC intensity (Figure 4.14).  
It is interesting to note that for the core@shell β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4, 
the Ho3+ emission band between 520 and 560 nm range, is not very intense, so these UCNP are 
not viable for functionalization with the photosensitizer RB molecules. However, the use of 
photosensitizer molecules with absorption below 500 nm may be an interesting alternative, as 
the UC emission intensity of the samples between 450 and 500 nm is very intense. 
As discussed in the previous Chapter 2 and Chapter 3, the upconversion emission 
intensity may change with the laser power according to the Power Law6, 𝐼 = 𝑃𝑛, where P is the 
laser power, I is the transition intensity and n the number of absorbed photons for each emitted 
photon. 
The best core@shell samples with the shell layer adding in @3 steps (β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4 and β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4), were chosen for the study of the emission 
intensities variation with the laser power. This data may bring important information regarding 
the upconversion emission mechanisms of the Ln3+-UCNP. The data for the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4 nanoparticles sample are given at Figure B2 of the 
Appendix B. Figure 4.15 shows the intensity of the upconversion emission bands as a function 
of the laser power as well as the log-log plot of the upconversion emission intensity versus the 
laser power for the sample β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4. 
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(a) 
 
(b) 
Figure 4.15: Upconversion emission spectra as a function of different 980 nm laser power (a) and 
Log-log plots of the upconversion luminescence intensity versus 980 nm laser power (b) of the 
sample β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4. 
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The number of absorbed photons (n) for each emitted photon for Tm3+ and Ho3+ 
transitions, obtained by the Power Law (𝐼 = 𝑃𝑛)6as well as the R value from the linear fitting 
for β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 nanoparticles are given on Table 4.1. 
Table 4.1: Value of n for each Ln3+ transition and R fitting parameter obtained for β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 sample. 
 β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 
Transition (Ln3+) n R 
1I6→3F4 (Tm3+) 2.55 0.99 
1D2→3H6 (Tm3+) 2.36 0.99 
1D2→3F4 (Tm3+) 2.39 0.99 
1G4→3H6 (Tm3+) 1.93 0.99 
1S2→5I8 (Ho3+) 1.57 0.99 
1G4→3F4 (Tm3+) 1.81 0.99 
As discussed in Chapter 3, the UC mechanism for 1I6→3F4 and 1G4→3F4 Tm3+ 
transitions in the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
nanoparticles are quite different. For the core@shell sample β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4, the n values found by the Power Law (Figure 
4.15b and Table 4.1) are very close to the ones found for the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 
(Figure 3.6b and Table 3.2). Therefore, the UC mechanisms proposals for the transitions of 
Tm3+ and Ho3+ are the same as the ones shown in Figure 3.8 at Chapter 3.  Nevertheless, these 
mechanisms and the detailed description of each one of them are given below.  
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(a) 
 
(b) 
Figure 4 16: Schematic qualitative proposals of upconversion mechanisms for the upconversion 
emissions of β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4. (a) for the 1I6→3F4 transition; (b) for 
the 1G4→3H6 and 1G4→3F4 transitions.  
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(a) 
 
(b) 
Figure 4.17: Schematic qualitative proposals of upconversion mechanisms for the upconversion emissions 
of β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 sample. (a) for the 1D2→3H6 and 1D2→3F4 Tm3+ 
transitions; (b) for the 5S2→5I8 Ho3+ transition. 
Tm3+ emission 1I6→3F4: for the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4, the n = 2.55, can be 
assumed as close to n = 3. Initially, the Yb3+ ion absorbs one photon and through an Energy 
Transfer (ET) the Tm3+ 3H5 level is populated, followed by a non-radiative decay to 
3F4. After 
that, two ET process occur resulting on the population of 1G4 level. A Cross Relaxation (CR) 
involving a neighbor Tm3+ ion may happen, populating 1I6 level, resulting in the emission after 
the absorption of 3 photons. However, the mechanism of this transition for the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 sample is quite different. Initially the ET from Yb
3+ to Tm3+ 
populates the 3H5 level, followed by the non-radiative decay to the 
3F4 level. After two more 
ET first the 3F2 and then 
1G4 levels are populated. A CR process populates the 
1D2 level, from 
which Excited State Absorption (ESA) populates the high lying 3P2 level. Through a non-
radiative decay, the 1I6 level is populated, resulting into the emission after the absorption of 4 
photons.  
Tm3+ emissions 1D2→3H6 and 1D2→3F4: For both nanoparticle samples, the n value for 
these two transitions can be approximated to n = 3. The mechanism for the population of 1D2 
starts with the ET from Yb3+ to Tm3+ populating 3H5 level, the non-radiative decay followed by 
other ET populates first the 3F2 and then the 
1G4 level. A CR process populates the 
1D2 level, 
resulting in these two emissions, after the absorption of 3 photons. 
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Tm3+ emissions 1G4→3H6 and 1G4→3F4: The 1G4→3H6 transition, has its n value close to 
3 only for the sample β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and the mechanism for the population 
of these level by the absorption of 3 photons was described in the previous paragraph. However, 
for the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles, the n value of this transition is closer to 
2. The higher Yb3+ content on the nanoparticles composition allows that the Cooperative Energy 
Transfer (CET) mechanism is viable for these samples, in spite of its low efficiency for other 
systems47. Through that mechanism, two Yb3+ ions close to each other absorbs one photon each, 
and the 1G4 level of Tm
3+ can be populated by ET, explaining the n = 2 for the transitions from 
this level. 
Ho3+ emission 5S2→5I8: Finally, for the Ho3+ emission, in both nanoparticles, the n value 
can be approximated by 2. Through the ET from Yb3+ to Ho3+ the level 5I6 is populated, and 
ESA populates the emitting level 5S2, from which the emission occur after the absorption of 2 
photons. 
For the core@shell β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 sample, it was 
expected that the UC mechanisms for Tm3+ and Ho3+ transitions to be similar to the ones found 
for the core β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 samples discussed on the previous chapter. 
However, the results shows that for both α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 nanoparticles the cross-relaxation (CR) and 
cooperative energy transfer (CET) mechanisms are more likely to be observed than in the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles. Auzel
5 described the CET mechanism as a 
phenomenon which requires very close proximity between the interacting Ln3+ ions. For Yb3+ 
doped materials, Auzel describes the occurrence of CET as a signature of clusters constituted 
by ions of distances less than about 5 Å. However, the nanoparticles discussed in this thesis 
have the matrix itself composed by Yb3+. For the α-NaYbF4 phase, the unit cell parameter a = 
5.415 Å, with Z=2 (JCPDS card = 77-2043) and for the β-NaYbF4 phase, a= 5.929 Å and c = 
3.471 Å with Z = 1.5 (JCPDS card = 27-1427), which means that the Yb3+-Yb3+ distance is 
certainly close enough to allow the occurrence of this mechanism in both α and β crystalline 
phases. The reason for the occurrence of CET only in the α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4 nanoparticles and not in the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles remains unkown. However, the data discussed 
above shows that shell covering not only increases the UC emission intensity of the core, but 
also changes the mechanisms by which the transitions occur.  Probably, lifetime measurements 
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and a detailed study of the UC mechanisms for these samples can bring insights on the 
explanation of the observed results. 
For the nanoparticle sample with the higher emission intensity, β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaY0.8Yb0.2F4, the measurements of the upconversion 
emission intensities as a function of the temperature in the 83 – 303 K range were performed. 
The emission intensity ratio between the integrated areas of the emission bands attributed 
to1D2→3F4 (450 nm) and 1G4→3H6 (475 nm) transitions of Tm3+ ion greatly changes as a 
function of the temperature (Figure 4.18).  
 
Figure 4.18: Dependence of the Tm3+ upconversion emission intensity with the temperature, showing 
the variation of Tm3+1D2→3F4 (450 nm) and 1G4→3H6 (475 nm) emissions of β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaY0.80Y0.20F4 sample. 
Figure 4.19 shows the plot of A450 and A475 as well as the LIR as a function of the 
temperature. The Luminescence Intensity Ratio (LIR) calculated from the ratio between the 
integrated area of the emission bands attributed to the 1D2→3F4 (A450) and 1G4→3H6 (A475) 
transitions as a function of the temperature, the relative thermal sensitivity (Sr) in % K
-1 and the 
temperature resolution (ΔT) were calculated using the equations 2.1, 2.2 and 2.3 described in 
Chapter 2. 
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 (a) 
  
(b) 
Figure 4.19: Temperature dependence of the integrated area of the emission bands in 450 and 475 
nm attributed to 1D2→3F4 and 1G4→3H6 transitions of Tm3+ (a) and LIR for the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaY0.80Y0.20F4 sample (b). 
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As mentioned in the previous chapter, the 1D2 and 
1G4 of Tm
3+ are separated by more 
than 2000 cm-1, therefore they are not thermally coupled levels50, so the temperature 
dependence of each transition is completely independent from each other. From Figure 4.19, 
one may notice that besides the different variation of the areas for the bands attributed to 
1D2→3F4 and 1G4→3H6 transitions, both intensities decrease with the increase of the temperature 
and so does the LIR. 
 
Figure 4.20: Thermal relative sensitivities (Sr) and temperature resolution (ΔT) for β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaY0.80Y0.20F4 sample. 
From Figure 4.20 one may notice that the maximum relative sensitivity (Sm) reaches 
1.42 %·K-1 at 293 K for the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaY0.80Y0.20F4 sample. This 
system have a very small operational range (where its sensitivity is higher than 1 % K-150), from 
273 to 300 K. At the entire temperature range, the temperature resolution (ΔT) is lower than 
0.09 K. Comparing to the core β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 nanoparticles (Sm = 3.24 % K-
1 @ 203 K and ΔT<0.01), this data shows that the shell covering greatly decreased the relative 
thermal sensitivity, but does not improve the temperature resolution.  
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β-NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4 nanoparticles 
The UC emission spectra of the samples β-NaGd0.94Pr0.02Er0.02Yb0.02F4@nNaYF4 are 
shown in Figure 4.21. Once again, the direct comparison between the samples emission 
intensity is possible, since the spectra were obtained using an integrating sphere. The 980 nm 
laser (300 mW) was focused on the samples using convergent lens. 
 
Figure 4.21: UC emission spectra of the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@nNaYF4obtained in an 
integrating sphere. 
From the emission spectra shown in Figure 4.21 one may observe that the increasing on 
the number of steps of shell addition, in general, the UC emission intensity also increases. 
Following the same trend observed for the samples discussed in the previous section, the Yb3+ 
doped-shell layer further increases the emission intensity for these samples, and resulted in the 
sample with the best UC emission intensity (β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4).  
In these Ln-UCNP samples, the aim is to build a shell layer in order to achieve the best 
UC emission of Er3+ ion between 520 and 560 nm, for the indirect excitation of RB molecules 
that will be anchored at their surface. Some studies45,101 have shown that, this indirect excitation 
can be explained by an energy transfer (ET) mechanism and not only by the absorption of the 
Er3+ emission. Figure 4.22 shows the overlapping of UC emission spectra of the sample with 
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the highest emission intensity (β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4) with the RB 
absorption, and a diagram showing the schematic energy transfer from the Ln-UCNP to the 
Rose Bengal molecules.  
 
Figure 4.22: Overlapping between the UC emission of β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 UCNP and the absorption spectra of RB, showing a 
possible energy transfer mechanism from the UCNP to the sensitizer RB for 1O2 generation. 
Considering that the energy transfer from the Ln-UCNP to the photosensitizer molecule 
depends on the distance between the emitting Er3+ ions and the photosensitizer molecule, the 
shell thickness plays an important role in the efficiency of this energy transfer. Wang et al45 
demonstrated that a very thick shell is not efficient neither for maximum UC emission intensity 
nor for energy transfer to RB molecules. For the NaYF4:Er:Yb@NaYF4 UCNP they found out 
that the best shell thickness for the energy transfer from Er(III) to RB was 6 nm. In the systems 
studied in this thesis, to avoid further increase on the shell thickness to increase the UC 
emission, it was used the strategy of doping the shell layer with Yb3+ ions, which was 
demonstrated by Capobianco et al98 to be efficient for this purpose. Consequently, for the β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 it was reached the highest UC emission intensity 
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among all samples (Figure 4.22). This should lead to a better energy transfer for RB, and 
therefore should result in a better system for PDT. 
 The UC emission spectra of the samples β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4 and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 with variable power of the excitation laser were 
obtained. The data for the sample β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4 is given at Figure 
B3 of Appendix B. Figure 4.23 shows the emission spectra with variable power as well as the 
log-log plot of the upconversion emission intensities versus the laser power for the sample β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4. 
 
(a) 
 
(b) 
Figure 4.23: Upconversion emission spectra as a function of different 980 nm laser power (a) and  
log-log plots of the upconversion luminescence intensity versus 980 nm laser power (b) of the β- 
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 sample. 
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The number of absorbed photons (n) for each emitted photon for the Er3+2H11/2→4I15/2, 
4S3/2→4I15/2 and 4F9/2→4I15/2   transitions at the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 
nanoparticles are given in Table 4.2 and all values can be approximated by 2.  
Table 4.2: Value of n for each Ln3+ transition and R fitting parameter obtained for β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4nanoparticles sample. 
 β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 
Transition (Ln3+) n R 
2H11/2→4I15/2 (Er3+) 2.05 0.99 
4S3/2→4I15/2 (Er3+) 1.85 0.99 
4F9/2→4I15/2 (Er3+) 1.93 0.99 
 
For the samples of this composition (NaGd0.94Pr0.02Er0.02Yb0.02F4), discussed in the 
previous Chapter 3 in both α and β crystalline phases, it was observed that the UC emission 
mechanism of Er3+ emissions in both samples were the same. As one may observe from Figure 
4.23 and Table 4.2, the Er3+ emissions in the core@shell sample β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 have very close n value as the ones of the 
previous chapter. Therefore, the same UC mechanisms proposed at Figure 3.13a of Chapter 3 
may be suggested for the sample discussed on this section. Nevertheless, this mechanism is 
given in the following Figure 4.24.  As the phase changing from α to β did not have influence 
on the UC mechanisms of the Er3+ emission of these samples, the shell covering also did not 
have any influence on those mechanisms. 
 
Figure 4.24: Proposals of upconversion emission mechanisms for the β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 sample.  
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The measurements of the upconversion emission intensities as a function of the temperature 
in the 83 – 323 K range were performed for the core@shell β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 sample. The intensity ratio was measured 
between the integrated areas of the 2H11/2→4I15/2 (514 - 533 nm range) and 4S3/2→4I15/2 (533 - 
564 nm range) transitions attributed to Er3+. The changes on the Er3+ intensities with the 
temperature are shown in Figure 4.25.  
 
Figure 4.25: Dependence of the Er3+ upconversion emission intensity with the temperature, showing 
the variation of Er3+ 2H11/2→4I15/2 (520 nm) and 4S3/2→4I15/2 (540 nm) transitions of β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 sample. 
Figure 4.25 shows the plot of A520 and A540 as well as the LIR of each sample as a 
function of the temperature. The Luminescence Intensity Ratio (LIR), the relative thermal 
sensitivity (Sr) in % K
-1and the temperature resolution (ΔT) were calculated using the equations 
2.1, 2.2 and 2.3 described in Chapter 2. 
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(a) 
 
(b) 
Figure 4.26: Temperature dependence of the Er3+emissions in 520 and 540 nm attributed to 
2H11/2→4I15/2 and 4S3/2→4I15/2 Er3+ transitions (a) and LIR (b) for the β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@NaY0.80Yb0.20F4 nanoparticles sample. 
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The variation on the integrated area of the emission intensity of the bands attributed to 
the transitions 2H11/2→4I15/2 (520 nm) and 4S3/2→4I15/2 (540 nm) of Er3+ follow an opposite 
tendency with the increase of the temperature. The intensity of the emission band in 540 nm 
have a very low variation with the temperature while for the 520 nm emission band, the intensity 
increases with the increase on the temperature. 2H11/2 and 
4S3/2 energy levels of Er
3+ are called 
thermally coupled50, so the mechanism for the increasing of the 520 emission band intensity 
may be described as follows: with the increase of the temperature, the population on the 2H11/2 
level increases, consequently increasing the 520 nm emission intensity. The LIR profile is very 
similar to the ones for the nanoparticles of the same composition that were discussed in Chapter 
3.. 
 
Figure 4.27: Thermal relative sensitivities (Sr) and temperature resolution (ΔT) for the β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@NaY0.80Yb0.20F4 sample. 
From Figure 4.27 one may notice that the maximum relative sensitivity (Sm) reaches 
3.33 % K-1 at 83 K. As previously discussed, the application of a nanotermometer is viable if 
its Sr values is above 1 % K
-1 and has the minimal ΔT as possible. The β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@NaY0.80Yb0.20F4 sample (Figure 4.27) has the ΔT lower than 0.01 
K at the entire operational ranges (83 – 293 K). Comparing with the β-
NaGd0.94Pr0.02Er0.02Yb0.02F4 (Figure 3.21b) core nanoparticles, (Sm = 4.40 % K
-1 at 133 K, 
ΔT<0.007), one may notice that for the nanoparticles of this composition, the shell covering 
resulted in lower relative sensitivity. To illustrate these discussed values in the following Table 
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4.3, it is shown the comparison between the maximum thermal sensitivity (Sm), the temperature 
resolution (ΔT) and the operational range of the core and core@shell nanoparticles from both 
compositions. 
Table 4.3: Maximum relative sensitivities (Sm), the temperature where it is found, temperature 
resolution (ΔT) and the operational range of Ln-UCNP systems prepared on this thesis. 
Samples 
Sm 
(K) 
T 
(K) 
 ΔT 
(K) 
Operational 
Range (K) 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4 4.40 133 0.007 133-323 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4@NaY0.80Yb0.20F4 3.33 83 0.010 83 - 293 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 3.24 203 
0.200 83-123 and 
173-220 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaY0.80Y0.20F4 1.42 293 0.013 273 - 300 
 
4.3.3 Magnetic Characterization 
The Zero Field Cool/Field Cool (ZFC/FC) measurements (Figure 4.28) as well as the 
hysteresis plots obtained in the 2 to 300 K range (Figure 4.29) were performed for all the 
samples with the @3 shell layer addition. 
 
Figure 4.28: Zero-Field Cool/Field Cool (ZFC/FC) measurements performed from 2 to 300 K for the 
core@shell nanoparticles with @3 shell addition layers, using an applied field of 100 Oe. 
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Figure 4.29: Hysteresis curves performed at 2 K for the core@shell nanoparticles with @3 shell 
addition steps. 
 The magnetic behavior of the core@shell nanoparticles are similar to the ones of the 
core nanoparticles discussed in Chapter 3. Once again, the ZFC/FC curves are superimposed, 
with no blocking temperature between 2 and 300 K indicating a no superparamagnetic behavior 
for the samples. The hysteresis curve does not display any loop opening, showing that the 
nanoparticles are paramagnetic. All the core@shell nanoparticles are crystallized on the β-
crystalline phase, but the samples with the core composition of β-NaGd0.94Pr0.02Er0.02Yb0.02F4 
showed higher saturation magnetization values than the ones with the β-
NaYb0.68Gd0.30Tm0.015Ho0.005F4 core, following the same trend as observed for the core 
nanoparticles discussed in Chapter 3. The presence or absence of the Yb3+ doping on the shell 
layers of these samples did not show significant change on the magnetic properties, showing 
that these properties are probably related to the core composition, but can be influenced by a 
diamagnetic shell layer covering. The magnetic properties of these samples will also be subject 
of detailed studies in future projects. 
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Rose Bengal functionalization – Ionic bond 
The first attempt to functionalize the UCNP with RB was performed by the ionic bond 
between the Ln3+ ions at the UCNP surface and the carboxylate groups of the RB molecules. 
Besides not being the best UC emission sample, the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4 
was the first sample tested for RB functionalization and subsequent 1O2 generation. The FT-IR 
spectrum of the sample β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4@RB is shown in the Figure 
B4 of Appendix B. Due to the very small amount of RB molecules attached to the nanoparticles 
surface, the intensity of the bands attributed to RB molecule were very low. Nevertheless, the 
presence of the asymmetric and symmetric streching of the carboxylate in the nanoparticles 
spectra confirms the bonding of RB through the carboxylate group at the Ln-UCNP surface.  
Rose Bengal functionalization – Covalent bond 
Another attempt of functionalization of these UCNP with a Rose Bengal derivative (RB-
MOD) was developed. It consists on the amide bond formation between the –COOH group of 
RB derivative and the terminal -NH2 group of HOOC-PEG-NH2 molecules at the Ln-UCNP 
surface. For this approach, the use of RB-MOD was necessary to guarantee that the carboxylate 
function of the RB molecule was available for the amide bond formation since it is known that 
the deprotonated carboxylate form of RB molecule is in equilibrium with the lactone. 
The first step towards the functionalization of the NP surface with the RB-MOD was 
the removal of oleic acid from the as synthesized nanoparticles followed by the 
functionalization with HOOC-PEG-NH2. After this ligand exchange, the formation of an amide 
bond between the carboxylate group of RB-MOD molecules and the -NH2 group of HOOC-
PEG-NH2 can be achieved using a very well established method in the literature to form amide 
bonds at Ln-UCNP surfaces45,44,101. The mechanism of this reaction is shown in Figure B1 at 
the Annex B. In the following Figure 4.30 the FT-IR spectra (ATR method) of the β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 nanoparticles after each step of the 
functionalization are shown. 
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Figure 4.30: FT-IR spectra of the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 nanoparticles. Oleic 
acid functionalized (NPOA), bare nanoparticles after removal of oleic acid (BNP), HOOC-PEG-NH2 
functionalized nanoparticles (NP-PEG-NH2), HOOC-PEG-NH2 pure spectra and pure oleic acid 
spectra (OA). 
From the FT-IR spectra shown in Figure 4.30, one may note that for the oleic acid 
functionalized nanoparticles, the symmetric and anti-symetric stretching of the carboxylate at 
1554 and 1463 cm-1 respectively are present102, showing that the oleate is the specie stabilizing 
the nanoparticles surface. The complete removal of the oleate from the nanoparticles surface is 
evident from the absence of bands at the spectra of bare nanoparticles. However, the spectra of 
the nanoparticles functionalized with HOOC-PEG-NH2 (NP-PEG-NH2) does not show any 
bands attributed to the presence of this molecule at the nanoparticles surface. Once again, the 
very small amount of HOOC-PEG-NH2 at the nanoparticles surface is a limiting factor to the 
detection of its presence, even by spectroscopic techniques. However, the improved water 
dispersibility of the nanoparticles after the HOOC-PEG-NH2 functionalization is an evidence 
of the presence of this molecule at the nanoparticles surface. 
Due to the affinity of the –COOH group for the Ln3+, it is expected that the bi-functional 
HOOC-PEG-NH2 is attached at the nanoparticles surface by the –COOH group, and the -NH2 
group is free for the amide bond formation with the –COOH termination of RB-MOD. The FT-
IR of the nanoparticles obtained after the amide bond formation is shown in Figure 4.31. 
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Figure 4.31: FT-IR spectra of the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4 nanoparticles 
functionalized with PEG-RB-MOD (NP-PEG-RB-MOD). 
One may notice from the FT-IR spectra (ATR method) shown in Figure 4.31 that the 
three characteristic amide bands could be observed: in 1655 (amide I – C=O stretching), 1562 
(amide II – combination of C-N-H deformation and C-N stretching) and 1457 cm-1 (N-H 
deformation).102 The presence of such bands, proves that the covalent conjugation of RB-MOD 
with the PEG-NH2 was achieved at the NP-PEG-NH2 surface. 
4.3.5. Singlet oxygen generation 
The singlet oxygen generation of the Rose Bengal (RB) functionalized-UCNP was detected 
by the chemical indirect method, using 1,3-Diphenylisobenzofurane (DPBF) as a chemical 
probe. This probe is specific to detect singlet oxygen species and oxygen radicals103. The DPBF 
molecule has an absorption band at 411 nm that decreases when it reacts with 1O2, due to the 
formation of an endoperoxide molecule104. This reaction is shown at Figure B5 in Appendix B. 
Monitoring the intensity variation of the absorption band at 411 nm of DPBF probe it is 
possible to detect the 1O2 generation by the RB functionalized nanoparticles. The “blank” 
samples were the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4@RB without 980 nm irradiation, the 
RB molecule under 980 nm irradiation and the pure DPBF. The “active” sample was: β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4@RB (NP-RB: ionic bound RB). For the sample β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaY0.8Yb0.2F4@PEG-RB-MOD(NP-PEG-RB-MOD: covalent 
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bound RB), due to the lack of stability of the nanoparticles suspension in acetonitrile, it was not 
possible to perform this measurement. The DPBF absorbance decay curve with the irradiation 
time is shown in Figure 4.31. 
 
Figure 4.32:  Intensity variation of DPBF absorbance  at 411 nm as a function of  irradiation time. 
The 980 nm laser power used on this measurement was 635 mW. 
It can be observed in Figure 4.31 that the β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4@RB 
nanoparticles under 980 nm excitation leads to a significant decrease in the DPBF absorbance 
compared to the controlling samples. The pure RB photosensitizer or the pure DPBF chemical 
probe molecule does not have a significant decrease of the 411 nm absorbance, as well as the 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4@RB without 980 nm irradiation. From these results, 
the proof of concept that the system may work for PDT is clear showing that the energy transfer 
and/or reabsorption from the UC emission to Rose Bengal at the Ln-UCNP surface can happen. 
 
 
4.4 Conclusion 
On this chapter, it was discussed the structural, photophysical and magnetic properties 
of core@shell nanoparticles prepared with different number of NaYF4 shell addition steps with 
two different core compositions: β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4. The number of shell addition steps did not influence the crystalline 
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phase of the nanoparticles that remained in the β-phase, as shown by XRD data. However, both 
Line Scan and EDS TEM analysis showed that the samples with @3 shell addition steps were 
the ones with the best shell covering and the luminescence spectroscopy corroborates with these 
data, showing that these samples had the strongest luminescence intensity. The Yb3+ doping on 
the shell proved to be very efficient to further increase the luminescence intensity of the 
samples. For the β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaY0.80Yb0.20F4 and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@NaY0.80Yb0.20F4 samples, Tm
3+ and Er3+ emission intensities were 
monitored with the temperature variation, and the samples had lower relative thermal 
sensitivities than the core-only nanoparticles with the same composition. The magnetization of 
the core@shell samples were not as high as the ones for the core samples, but had a significantly 
higher value than the ones found on the literature among similar systems. Finally, the 1O2 
generation by the nanoparticles samples functionalized with Rose Bengal photosensitizer: β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4@RB and β-
NaGd0.94Pr0.02Er0.02Yb0.02F4@NaY0.80Yb0.20F4@PEG-RB-MOD was measured, showing that 
these systems have potential application in PDT. 
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Chapter 5 - Concluding remarks and future 
perspectives 
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Due to the wide range of possible applications for luminescent NaLnF4 nanoparticles, it 
is mandatory that the control over the synthesis and consequently of the luminescent properties 
of these materials to be precise. Besides that, a full structural and photophysical characterization 
of the obtained nanoparticles may bring additional insights into properties that otherwise would 
be overlooked. 
During the work performed within this thesis, many challenges were faced, from the 
choice of the nanoparticles compositions to the proof of concept for its applications. The main 
goal was to obtain multifunctional nanoparticles that could be synthesized with controlled size 
and morphology. The thermal decomposition method of metallic precursors in high boiling 
point solvents seemed to be the most suitable one for this purpose, and was the used one.  
The choice of NaYbF4 as a matrix to improve 980 nm absorption lead to the first 
challenge, that was to synthesize these samples in the pure β-crystalline phase, which was 
achieved by using LnCl3 as metallic precursors and the strategy of Gd
3+ doping. However, as it 
was discussed in Chapter 2, other experimental details such as the temperature used into the 
addition of the sodium and fluoride precursors had a great influence on the size and morphology 
of the nanoparticles. The characterization of the nanoparticles clearly showed the influence of 
the nanoparticles size on the upconversion mechanisms and color output. The smaller 
spheroidal nanoparticles showed a red emission color output while the larger hexagonal plate 
ones had a white emission. It was the first time that the white light emission upconversion 
resulted from Tm3+/Ho3+/Gd3+-co-doped β-NaYbF4 was reported in the literature. Besides the 
great influence of the size and morphology on the color output, the relative thermal sensitivities 
(Sr) were not affected by this parameter.  
In order to achieve a better control over the nanoparticles size and morphology, the 
metallic precursors were changed to [Ln(CF3COO)3], and the synthesis was adapted according 
to what was described in Chapter 3. The resulting nanoparticles were synthesized on both α and 
β crystalline phases, with spheroidal morphology and controlled size distribution. We overcome 
the challenge of synthesizing NaGdF4 nanoparticles in the α crystalline phase and also the 
NaYbF4 nanoparticles in the β phase, even with the tendency of Gd3+ to drive the crystallization 
to the hexagonal phase and of Yb3+ to drive the crystallization to the α-phase. Such 
achievements prove the effectiveness of the developed methodology for different nanoparticles 
compositions. The expected tendency of higher luminescence intensity for the β crystalline 
phase was observed, for both samples compositions. The relative thermal sensitivities of the 
systems α/β nanoparticles of both compositions were high. The high Sr and temperature 
resolutions of these nanoparticles into the low temperature range (from 83 to 273 K) opens the 
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possibility of applications of these materials for thermal sensing in aero spatial industry or even 
as sensors for the operational temperature of quantum computers and technological devices 
based in low-temperature dependent magnetic properties. An interesting observation is that, the 
measurement of temperature-dependent emission properties of Ln3+-doped UCNP is not 
explored on this range of temperatures. Just a few papers shows applications at the cryogenic 
range (from 2 to 50 K), a larger number of papers shows the applications on the biological range 
(from 293 to 313 K) and very high (393 to 673 K) temperature ranges. However, to the best of 
our knowledge, this thesis is among the few, if not the only one up to now, to explore the thermal 
sensing of Ln3+-doped UCNP at 77 to 273 K range, comparing the influence of the crystalline 
phase on these properties. As mentioned before, the high Sr values obtained opens the 
perspective for future work, exploring the thermal sensing properties of NaLnF4 UCNP of other 
compositions, for example α/β-NaYbF4:Er3+:Tm3+ or even α/β-NaYbF4:Er3+ at this temperature 
range. Recently, we started a collaboration with a research group at the University of Ottawa, 
in Canada, with the expertise in the magnetic properties of lanthanide ions, where the magnetic 
measurements of the samples discussed in Chapter 3 and Chapter 4 were performed. The 
saturation magnetization of the core nanoparticles were surprisingly high, mainly for the α-
phase nanoparticles, but the shell covering with the diamagnetic NaYF4 matrix greatly 
decreased the saturation magnetization values. These observations shows that the magnetic 
properties follows the exact opposite tendency compared to the luminescent properties, where 
the α-phase nanoparticles have the lower emission intensity and the shell covering greatly 
improves the β-phase intensity. It is included in our future perspectives a detailed study of the 
magnetic properties of these nanoparticles, their dependence with the crystalline phase and 
composition and strategies to achieve superparamagnetic properties with these systems. 
For the core@shell nanoparticles described in Chapter 4, the TEM facilities and 
partnerships available to us allowed a very complete and precise structural characterization of 
the core@shell nanoparticles obtained. These characterizations showed without any doubt that 
the developed methodology was very successful to achieve the nanostructuration, that was 
proved both structurally and spectroscopically for both nanoparticles compositions that were 
synthesized. The thermal sensing and magnetic properties of core@shell nanoparticles were 
also measured, and were found to be worse than for the core samples described in Chapter 3. 
This fact illustrates that the optimization of nanoparticles systems for multimodal applications 
must be carefully done, since the approach used to improve one property may affect negatively 
another property of the system. Nevertheless, the main challenge for the core@shell samples 
was the functionalization with the photosensitizer Rose Bengal. The first attempt to do so, by 
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the ionic bond between the COO- group of Rose Bengal molecules and the Ln3+ at the 
nanoparticles surface was achieved, resulting into the UCNP-RB. The proof of concept of the 
1O2 generation resulting from the indirect excitation of RB by the UC emission was obtained 
for the sample UCNP-RB. However, the measurements were performed in acetonitrile, and the 
UCNP-RB functionalized nanoparticles stability in water was not as good as in acetonitrile. 
Since for biological applications it is interesting for the sample to have a good stability in 
aqueous media, an attempt to covalently bound the RB molecules into water dispersible PEG-
functionalized UCNP-PEG was performed. The bi-functional HOOC-PEG-NH2 moieties were 
attached at the nanoparticles surface, after the removal of oleic acid molecules, which greatly 
improved their water dispersibility compared to the pristine UCNP. However, upon the RB 
functionalization, the dispersibility of the UCNP-PEG-RB sample in both water and acetonitrile 
was decreased. For this reason, we were not able to perform the proof of concept of 1O2 
generation for this sample. It is possible that the HOOC-PEG-NH2 amount at the nanoparticles 
surface was not enough to guarantee its water dispersibility when the RB is attached, which 
could be improved by using a larger amount of HOOC-PEG-NH2 for the nanoparticles 
functionalization. The indirect excitation of RB and other photosensitizer molecules by Ln3+-
doped UCNP is widespread in the literature. In spite of being a very smart and promising 
approach towards cancer theranostic, the in vitro and in vivo application of such nanoparticles 
requires an extensive knowledge of the nanoparticles surface functionalization and a 
widespread network of collaboration with groups from medicine and biology research.  
The initial project that resulted on this thesis, had two main objectives, the first one was 
the 1O2 generation by a nanoparticle-photosensitizer system, taking advantage of the UC 
emission resulting from NIR excitation to indirect excite the PS. This objective was achieved 
for one system, that is far from being ideal, since the low degree of  water dispersibility was an 
issue that could not be overcome during the work here performed.  
The second objective was to synthesize nanoparticles for temperature sensing in a wide 
range of temperatures by using ratiometric Ln3+ doped UCNP. This objective was achieved, for 
all the core and core@shell samples prepared, but the core nanoparticles described in Chapter 
3 had a much better performance as thermal sensors. Since the emission intensity decrease with 
the increase of the temperature is related to non-radiative processes, upon the shell covering, 
these processes are very low, resulting in a small variation of the emission intensity, which 
ultimately results in the observed lower sensitivity for these core@shell samples. 
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In order to provide a better overview of the thermal sensing and magnetic properties of 
all the nanoparticles prepared in this work, these data are shown at Tables 5.1 and 5.2, 
respectively. The samples with the highest luminescence intensities are  written in red. 
Table 5.1: Relative thermal sensitivity (Sr), the temperature where it is found (T), temperature 
resolution (ΔT) and operational temperature range of the nanoparticles synthesized in this thesis. 
Samples Sr   (% K-1) 
T 
(K) 
ΔT 
(K) 
Temperature 
Range (K) 
β-NaYb0.67Gd0.30Tm0.015Ho0.015F4 Tamb 
1.15 163 
/213 
0.0
2 
193 - 253 
β-NaYb0.67Gd0.30Tm0.015Ho0.015F4 T50 1.19 323 0.0
3 
223 – 240/ 320 
- 323 
α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 2.77 273 0.0
5 
173 – 243 / 
263 - 280 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 3.24 203 
0.0
1 
83-123 /173-
220 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaY0.80Y0.20F4 1.42 293 
0.0
1 
273 - 300 
α -NaGd0.94Pr0.02Er0.02Yb0.02F4 3.81 133 0.0
2 
133 - 323 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4 4.40 133 
0.0
1 
133-323 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4@NaY0.80Yb0.20F4 3.33 83 
0.0
1 
83 - 323 
 
Table 5.2: Magnetization saturation values of all the nanoparticles samples synthesized in this thesis. 
Sample Magnetization (emu/g) 
α-NaYb0.68Gd0.30Tm0.015Ho0.005F4 55 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4 43 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaYF4 30 
β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@NaY0.80Yb0.20F4 33 
α -NaGd0.94Pr0.02Er0.02Yb0.02F4 144 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4 130 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4@NaYF4 77 
β-NaGd0.94Pr0.02Er0.02Yb0.02F4@NaY0.80Yb0.20F4 76 
 
From these data, one may observe that the α/β crystalline phases have a great influence 
on the luminescence intensities, magnetic properties and also on the thermal sensing purposes. 
An opposite tendency is observed for magnetic and emission intensity purposes: the best sample 
for magnetism is the one with the lowest emission intensity, and vice-versa. The shell covering 
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have an important influence to increase the luminescence intensity, but decreases both the 
thermal sensitivities and the magnetic properties of the samples. Nevertheless, the samples β-
NaGd0.94Pr0.02Er0.02Yb0.02F4  and β-NaGd0.94Pr0.02Er0.02Yb0.02F4@NaY0.80Yb0.20F4 are the ones 
with the highest luminescence intensity among the NaGdF4 composition, both have good 
thermal relative sensitivities  (Table 5.1) and also have a very high saturation magnetization 
(Table 5.2), so it would be the better samples for a multifunctional nanoplatform. Regarding 
the magnetic properties, comparing the samples synthesized on this work with the traditional 
magnetic Fe3O4 nanoparticles, the saturation magnetization values found for the samples here 
described are much higher than the best ones described for Fe3O4 nanoparticles, which would 
be around 86 emu/g for 45 nm spheroidal nanoaparticles105. Usually the Fe3O4 nanoparticles 
have a diamagnetic SiO2 shell added to improve water dispersibility and biocompatibility, 
which further decreases its saturation magnetization values. As an example, Wee at al106 
described the decrease of 85.02 emu/g to 36.58 emu/g after the silica covering at 180 nm Fe3O4 
nanoparticles. However, from Table 5.1 one may note that even with a diamagnetic shell 
covering, the sample β-NaGd0.94Pr0.02Er0.02Yb0.02F4@NaYF4 have its saturation magnetization 
value as high as 77 emu/g, which is comparable to the uncovered Fe3O4 values. 
From these conclusions, one may note that different samples would be suitable for 
different applications and that it is still a challenge to obtain a multifunctional nanoparticle with 
high efficient in all of its properties at once
156 
 
Emille Martinazzo Rodrigues 
Chapter 6  
References 
1. Braslavsky, S. E. Glossary of terms used in photochemistry, 3rd edition (IUPAC 
Recommendations 2006). Pure Appl. Chem. 79, 293–465 (2007). 
2. Dieke, G. H. Spectra and Energy Levels of Rare Earth Ions. (Interscience Publishers, 
1968). 
3. Murugesu, Muralee; Layfield, R. A. Lanthanides and Actinides in Molecular Magnetism. 
(Wiley-VCH, 2015).  
4. Eliseeva, S. V. & Bünzli, J.-C. G. Lanthanide luminescence for functional materials and 
bio-sciences. Chem. Soc. Rev. 39, 189–227 (2010). 
5. Auzel, F. Upconversion and anti-Stokes processes with f and d ions in solids. Chem. Rev. 
104, 139–73 (2004). 
6. Pollnau, M., Gamelin, D., Lüthi, S., Güdel, H. & Hehlen, M. Power dependence of 
upconversion luminescence in lanthanide and transition-metal-ion systems. Physical 
Review B 61, 3337–3346 (2000). 
7. Gaspar, R. D. L., Rodrigues, E. M., Mazali, I. O. & Sigoli, F. A. Luminescent properties 
of passivated europium(III)-doped rare earth oxide sub-10 nm nanoparticles. RSC Adv. 
3, 2794 (2013). 
8. Szczeszak, A., Runowski, M., Wiglusz, R. J., Grzyb, T. & Lis, S. Up-conversion green 
emission of Yb3+/Er3+ ions doped YVO4 nanocrystals obtained via modified Pechini’s 
method. Opt. Mater. (Amst). (2017). doi:10.1016/j.optmat.2017.03.032 
9. Liu, J., Kaczmarek, A. M., Billet, J., Van Driessche, I. & Van Deun, R. Upconversion 
luminescence of lanthanide-doped mixed CaMoO 4 –CaWO 4 micro-/nano-materials. 
Dalt. Trans. 45, 12094–12102 (2016). 
10. Rodrigues, E. M. et al. Non-stabilized europium-doped lanthanum oxyfluoride and 
fluoride nanoparticles well dispersed in thin silica films. J. Mater. Chem. 22, 24109 
(2012). 
11. Rodrigues, E. M., Gaspar, R. D. L., Mazali, I. O. & Sigoli, F. a. Polydimethylsiloxane 
composites containing core-only lanthanide-doped oleylamine-stabilized LaF 3 
nanoparticles with high emission lifetimes. J. Mater. Chem. C 3, 6376–6388 (2015). 
12. Rodrigues, E. M., Gálico, D. A., Mazali, I. O. & Sigoli, F. A. Temperature probing and 
emission color tuning by morphology and size control of upconverting β-
NaYb0.67Gd0.30F4:Tm0.015:Ho0.015 nanoparticles. Methods Appl. Fluoresc. 5, 1–12 
(2017). 
13. Shahi, P. K. et al. A strategy to achieve efficient dual-mode luminescence in lanthanide-
157 
 
Emille Martinazzo Rodrigues 
based magnetic hybrid nanostructure and its demonstration for the detection of latent 
fingerprints. J. Colloid Interface Sci. 491, 199–206 (2017). 
14. Muhr, V. et al. Particle-size Dependent Förster Resonance Energy Transfer from 
Upconversion Nanoparticles to Organic Dyes. Anal. Chem. acs.analchem.6b04662 
(2017). doi:10.1021/acs.analchem.6b04662 
15. Lu, S. et al. Multifunctional Nano-Bioprobes Based on Rattle-Structured Upconverting 
Luminescent Nanoparticles. Angew. Chemie - Int. Ed. 54, 7915–7919 (2015). 
16. Hemmer, E., Acosta-Mora, P., Méndez-Ramos, J. & Fischer, S. Optical Nanoprobes for 
Biomedical Applications: Shining a Light on Upconverting and Near-Infrared Emitting 
Nanoparticles for Imaging, Thermal Sensing, and Photodynamic Therapy. J. Mater. 
Chem. B (2017). doi:10.1039/C7TB00403F 
17. Yang,  P. et al. Multiple imaging and excellent anticancer efficiency of an upconverting 
nanocarrier mediated by a single near infrared light. Nanoscale 4759–4769 (2017). 
doi:10.1039/C6NR09030C 
18. Hudry, D., Abeykoon, A. M. M., Dooryhee, E., Nykypanchuk, D. & Dickerson, J. H. 
Probing the Crystal Structure and Formation Mechanism of Lanthanide-Doped 
Upconverting Nanocrystals. Chem. Mater. 28, 8752–8763 (2016). 
19. Wang, F. et al. Simultaneous phase and size control of upconversion nanocrystals 
through lanthanide doping. Nature 463, 1061–1065 (2010). 
20. Blasse, G.; Grabmaier, B. C. Luminescent Materials. (Springer-Verlag:Berlin, 1994). 
21. Thoma, R. E.; Insley, H.; Hebert, M. The Sodium Fluoride-Lanthanide Trifluoride 
Systems. Inorg. Chem. 5, 1222–1229 (1966). 
22. Yi, G., Lu, H., Zhao, S., Ge, Y. & Yang, W. Synthesis , Characterization , and Biological 
Application of Size-Controlled Nanocrystalline NaYF4:Yb, Er Phosphors. Nano Lett. 4, 
2191–2196 (2004). 
23. Heer, S., Kömpe, K., Güdel, H. U. & Haase, M. Highly efficient multicolour 
upconversion emission in transparent colloids of lanthanide-doped NaYF4 nanocrystals. 
Adv. Mater. 16, 2102–2105 (2004). 
24. Mai, H. et al. High-Quality Sodium Rare-Earth Fluoride Nanocrystals : Controlled 
Synthesis and Optical Properties. J. Am. Chem. Soc. 128, 6426–6436 (2006). 
25. Boyer, J. C., Vetrone, F., Cuccia, L. a. & Capobianco, J. a. Synthesis of colloidal 
upconverting NaYF4 nanocrystals doped with Er
3+,Yb3+ and Tm3+, Yb3+ via thermal 
decomposition of lanthanide trifluoroacetate precursors. J. Am. Chem. Soc. 128, 7444–
7445 (2006). 
26. Rinkel, T., Nordmann, J., Raj, A. N. & Haase, M. Ostwald-ripening and particle size 
focussing of sub-10 nm NaYF 4 upconversion nanocrystals. Nanoscale 6, 14523–14530 
(2014). 
27. Voss, B. & Haase, M. Intrinsic Focusing of the Particle Size Distribution in Colloids 
Containing Nanocrystals of Two Di ff erent Crystal Phases. ACS Nano 11242–11254 
(2013). 
158 
 
Emille Martinazzo Rodrigues 
28. Rinehart, J. D. & Long, J. R. Exploiting single-ion anisotropy in the design of f-element 
single-molecule magnets. Chem. Sci. 2, 2078 (2011). 
29. Smart, L. E. & Moore, E. A. Solid State Chemistry: An introdutction (CRC Press 2012). 
30. De Leõn-Rodríguez, L. M., Martins, A. F., Pinho, M. C., Rofsky, N. M. & Sherry, A. D. 
Basic MR relaxation mechanisms and contrast agent design. J. Magn. Reson. Imaging 
42, 545–565 (2015). 
31. Johnson, N. J. J., Oakden, W., Stanisz, G. J., Scott Prosser, R. & Van Veggel, F. C. J. M. 
Size-tunable, ultrasmall NaGdF4 nanoparticles: Insights into their T1 MRI contrast 
enhancement. Chem. Mater. 23, 3714–3722 (2011). 
32. Kirschhock, C. & Parac-vogt, T. N. nanoparticles with NIR to visible upconversion and 
high transverse relaxivity : a potential bimodal contrast agent for high-field MRI and 
optical imaging . RSC Adv. 6, 61443–61448 (2016). 
33. Huang, J. et al. Chemical Spacer Design for Engineering the Relaxometric Properties of 
Core − Shell Structured Rare Earth Nanoparticles. Chem. Mater. 27, 7918 - 7925 (2015).  
34. Holmberg, R. J., Aharen, T. & Murugesu, M. Paramagnetic nanocrystals: Remarkable 
lanthanide-doped nanoparticles with varied shape, size, and composition. J. Phys. Chem. 
Lett. 3, 3721–3733 (2012). 
35. Anderson, R. & Parrish, J. Optics of Human Skin.pdf. The Journal of Investigative 
Dermatology 77, 13–19 (1981). 
36. Dabrowski, J. M. in Advances in Inorganic Chemistry 70, 343–394 (Elsevier Inc., 2017). 
37. Smith, B. R. & Gambhir, S. S. Nanomaterials for In Vivo Imaging. Chem. Rev. 117, 901–
986 (2017). 
38. Derosa, M. C. & Crutchley, R. J. Photosensitized singlet oxygen and its applications.pdf. 
Coord. Chem. Rev. 234, 351–371 (2002). 
39. Bacellar, I. O. L., Tsubone, T. M., Pavani, C. & Baptista, M. S. Photodynamic efficiency: 
From molecular photochemistry to cell death. Int. J. Mol. Sci. 16, 20523–20559 (2015). 
40. Jiang, Z., Shao, J., Yang, T., Wang, J. & Jia, L. Pharmaceutical development, 
composition and quantitative analysis of phthalocyanine as the photosensitizer for cancer 
photodynamic therapy. J. Pharm. Biomed. Anal. 87, 98–104 (2014). 
41. Wawrzynczyk, D., Nyk, M., Bednarkiewicz,  a., Strek, W. & Samoc, M. A comparison 
of morphology, structure and optical properties of ultrasmall, small and core–shell up-
converting NaYF4/NaGdF4 nanocrystals co-doped with Tm
3+ and Yb3+ ions. J. Lumin. 
133, 138–144 (2013). 
42. Johnson, N. J. J. & Veggel, F. C. J. M. Sodium lanthanide fluoride core-shell 
nanocrystals: A general perspective on epitaxial shell growth. Nano Res. 6, 547–561 
(2013). 
43. Dou, Q., Idris, N. M. & Zhang, Y. Sandwich-structured upconversion nanoparticles with 
tunable color for multiplexed cell labeling. Biomaterials 34, 1722–31 (2013). 
159 
 
Emille Martinazzo Rodrigues 
44. Kai Liu, H. Z. Covalently Assembled NIR Naonoplatform for Simultaneous 
Fluorescence Imaging and Photodynamic Therapy of Cancer. ACS Nano 1–6 (2012). 
45. Wang, Y. et al. Critical Shell Thickness of Core / Shell Upconversion Luminescence. J. 
Phys. Chem. Lett. 2, 2083–2088 (2011). 
46. Xu, X. et al. α-NaYb(Mn)F4:Er3+/Tm3+@NaYF4 UCNPs as ‘Band-Shape’ Luminescent 
Nanothermometers over a Wide Temperature Range. ACS Appl. Mater. Interfaces 7, 
20813–20819 (2015). 
47. Dong, H., Sun, L. D. & Yan, C. H. Energy transfer in lanthanide upconversion studies 
for extended optical applications. Chem Soc Rev 44, 1608–1634 (2015). 
48. Pérez-Prieto, M. G.-B. and J. Upconversion luminescent nanoparticles in physical 
sensing and in monitoring physical processes in biological samples. Methods Appl. 
Fluoresc. 3, 42002 (2015). 
49. Savchuk, O. A. et al. New strategies for luminescence thermometry in the biological 
range using upconverting nanoparticles. Proc. SPIE - Int. Soc. Opt. Eng. 9129, 91292E 
(2014). 
50. Carlos, L. D. & Palacio, F. Thermometry at the Nanoscale Techniques and Selected 
Applications. (Royal Society of Chemistry, 2016). 
51. Brites, C. D. S., Millán, A. & Carlos, L. D. in Handbook on the Physics and Chemistry 
of Rare Earths 49, 339–427 (Elsevier B.V., 2016). 
52. Damasco, J. a et al. Size-Tunable and Monodisperse Tm3+/Gd3+ -Doped Hexagonal 
NaYbF4 Nanoparticles with Engineered Efficient Near Infrared-to- Near Infrared 
Upconversion for In Vivo Imaging. ACS Appl. Mater. Interfaces 6, 13884–13893 (2015). 
53. Punjabi, A. et al. Amplifying the red-emission of upconverting nanoparticles for 
biocompatible clinically used prodrug-induced photodynamic therapy. ACS Nano 8, 
10621–10630 (2014). 
54. Wang, X., Zheng, J., Xuan, Y. & Yan, X. Optical temperature sensing of NaYbF4:Tm
3+ 
@SiO2 core-shell micro-particles induced by infrared excitation. Opt. Express 21, 
21596–21606 (2013). 
55. Yuan, C. et al. Use of colloidal upconversion nanocrystals for energy relay solar cell 
light harvesting in the near-infrared region. J. Mater. Chem. 22, 16709–16713 (2012). 
56. Hu, M. et al. Intense white emission from a single-upconversion nanoparticle and tunable 
emission colour with laser power. J. Mater. Chem. C 4, 6975–6981 (2016). 
57. Chen, G., Yang, C. & Prasad, P. N. Nanophotonics and Nanochemistry: Controlling the 
Excitation Dynamics for Frequency Up- and Down-Conversion in Lanthanide-Doped 
Nanoparticles. Acc. Chem. Res. 46, 1474–1486 (2013). 
58. Li, D., Shao, Q., Dong, Y. & Jiang, J. Thermal sensitivity and stability of NaYF4:Yb
3+, 
Er3+ upconversion nanowires, nanorods and nanoplates. Mater. Lett. 110, 233–236 
(2013). 
59. Ren, J., Jia, G., Guo, Y., Wang, A. & Xu, S. Unraveling Morphology and Phase Control 
160 
 
Emille Martinazzo Rodrigues 
of NaLnF4 Upconverting Nanocrystals. J. Phys. Chem. C 120, 1342–1351 (2016). 
60. Li, Z. & Zhang, Y. An efficient and user-friendly method for the synthesis of hexagonal-
phase NaYF4:Yb,Er/Tm nanocrystals with controllable shape and upconversion 
fluorescence. Nanotechnology 19, 345606 (2008). 
61. Fedorov, P. P., Luginina, A. a., Kuznetsov, S. V. & Osiko, V. V. Nanofluorides. J. Fluor. 
Chem. 132, 1012–1039 (2011). 
62. Zeng, S., Ren, G., Xu, C. & Yang, Q. Modifying crystal phase, shape, size, optical and 
magnetic properties of monodispersed multifunctional NaYbF4 nanocrystals through 
lanthanide doping. Cryst. Eng. Comm. 13, 4276–4281 (2011). 
63. Hao, S. et al. Tuning the size and upconversion emission of NaYF4:Yb
3+/Pr3+ 
nanoparticles through Yb3+ doping. RSC Adv. 4, 56302–56306 (2014). 
64. Zheng, S. et al. Lanthanide-doped NaGdF4 core–shell nanoparticles for non-contact self-
referencing temperature sensors. Nanoscale 6, 5675–5679 (2014). 
65. Zhou, S. et al. Upconversion luminescence of NaYF4:Yb
3+,Er3+ for temperature sensing. 
Opt. Commun. 291, 138–142 (2013). 
66. Zhou, S., Jiang, G., Li, X., Jiang, S. & Wei, X. Strategy for thermometry via Tm3+ -
doped NaYF4 core-shell nanoparticles. Opt. Lett. 39, 6687–6690 (2014). 
67. Li, D. et al. Optical temperature sensor through infrared excited blue upconversion 
emission in Tm3+/Yb3+ codoped Y2O3. Opt. Commun. 285, 1925–1928 (2012). 
68. Xu, W. et al. Optical temperature sensing through the upconversion luminescence from 
Ho3+/Yb3+ codoped CaWO4. Sensors Actuators, B Chem. 188, 1096–1100 (2013). 
69. Wang, X., Kong, X., Yu, Y., Sun, Y. & Zhang, H. Effect of Annealing on Upconversion 
Luminescence of ZnO:Er3+ Nanocrystals and High Thermal Sensitivity. J. Phys. Chem. 
C 111, 15119–15124 (2007). 
70. Pereira, A. F. et al. Yb3+/Tm3+ co-doped NaNbO3 nanocrystals as three-photon-excited 
luminescent nanothermometers. Sensors Actuators, B Chem. 213, 65–71 (2015). 
71. Chen, J. & Zhao, J. X. Upconversion nanomaterials: Synthesis, mechanism, and 
applications in sensing. Sensors 12, 2414–2435 (2012). 
72. Naccache, R., Yu, Q. & Capobianco, J. A. The Fluoride host: Nucleation, growth, and 
upconversion of lanthanide-doped nanoparticles. Adv. Opt. Mater. 3, 482–509 (2015). 
73. Balabhadra, S., Debasu, M. L., Brites, C. D. S., Ferreira, R. A. S. & Carlos, D. 
Upconverting Nanoparticles Working As Primary Thermometers In Di ff erent Media. 
J. Phys. Chem. C 121, 13962–13968 (2017). 
74. van Veggel, F. C. J. M., Dong, C., Johnson, N. J. J. & Pichaandi, J. Ln3+-doped 
nanoparticles for upconversion and magnetic resonance imaging: some critical notes on 
recent progress and some aspects to be considered. Nanoscale 7309–7321 (2012).  
75. Zhang, X. et al. Design and Regulation of NaHoF4 and NaDyF4 Nanoparticles for High-
Field Magnetic Resonance Imaging. Chem. Mater. 28, 3060–3072 (2016). 
161 
 
Emille Martinazzo Rodrigues 
76. Das, G. K. et al. NaDyF4 Nanoparticles as T2 Contrast Agents for Ultrahigh Field 
Magnetic Resonance Imaging. J. Phys. Chem. Lett. 3, 524–529 (2012). 
77. Suter, J. D., Pekas, N., Berry, M. T. & May, P. S. Real-Time-Monitoring of the Synthesis 
of β-NaYF4:17%Yb,3%Er Nanocrystals Using NIR-to-Visible Upconversion 
Luminescence. J. Phys. Chem. C 118, 13238–13247 (2014). 
78. Dühnen, S., Rinkel, T. & Haase, M. Size Control of Nearly Monodisperse β-NaGdF4 
Particles Prepared from Small α-NaGdF4 Nanocrystals. Chem. Mater. 27, 4033 - 4039 
(2015).  
79. Chan, E. M. et al. Combinatorial discovery of lanthanide-doped nanocrystals with 
spectrally pure upconverted emission. Nano Lett. 12, 3839–3845 (2012). 
80. Lu, H. et al. Optical temperature sensing in β-NaLuF4:Yb3+/Er3+/Tm3+ based on thermal, 
quasi-thermal and non-thermal coupling levels. RSC Adv. 6, 55307–55311 (2016). 
81. Mai, H. X., Zhang, Y. W., Sun, L. D. & Yan, C. H. Size- and phase-controlled synthesis 
of monodisperse NaYF4:Yb,Er nanocrystals from a unique delayed nucleation pathway 
monitored with upconversion spectroscopy. J. Phys. Chem. C 111, 13730–13739 (2007). 
82. Mackenzie, L. E., Goode, J. A., Vakurov, A. & Nampi, P. P. The molecular weight of 
NaYF4 : RE photonic up-conversion nanoparticles. BiorXiv 1–22 (2017). 
83. Zhou, B., Shi, B., Jin, D. & Liu, X. Controlling upconversion nanocrystals for emerging 
applications. Nat. Nanotechnol. 10, 924–936 (2015). 
84. Burns, J. H. Crystal Structure of Hexagonal Sodium Neodymium Fluoride and Related 
Compounds. Inorg. Chem. 4, 881–886 (1965). 
85. Krämer, K. W. et al. Hexagonal Sodium Yttrium Fluoride Based Green and Blue 
Emitting Upconversion Phosphors. Chem. Mater. 16, 1244–1251 (2004). 
86. Zakaria, D., Mahiou, R., Avignant, D. & Zahir, M. Single-crystal structure refinement 
and luminescence analysis of β-NaEuF4. J. Alloys Compd. 257, 65–68 (1997). 
87. Lage, M. M., Matinaga, F. M., Gesland, J.-Y. & Moreira, R. L. Optical phonon modes 
and crystal structure of NaLaF4 single crystals. J. Appl. Phys. 99, 53510 (2006). 
88. Chen, D., Liu, S., Li, X., Yuan, S. & Huang, P. Upconverting luminescence based dual-
modal temperature sensing for Yb3+/Er3+/Tm3+:YF3 nanocrystals embedded glass 
ceramic. J. Eur. Ceram. Soc. (2017). doi:10.1016/j.jeurceramsoc.2017.06.012 
89. Zhu, X. et al. Temperature-feedback upconversion nanocomposite for accurate 
photothermal therapy at facile temperature. Nat. Commun. 7, 1–10 (2016). 
90. Shan, J., Kong, W., Wei, R., Yao, N. & Ju, Y. An investigation of the thermal sensitivity 
and stability of the β-NaYF4:Yb,Er upconversion nanophosphors. J. Appl. Phys. 107, 
(2010). 
91. Yu, W., Xu, W., Song, H. & Zhang, S. Temperature-dependent upconversion 
luminescence and dynamics of NaYF4:Yb
3+/Er3+ nanocrystals: influence of particle size 
and crystalline phase. Dalt. Trans. 43, 6139–6147 (2014). 
162 
 
Emille Martinazzo Rodrigues 
92. Sedlmeier, A., Achatz, D. E., Fischer, L. H., Gorris, H. H. & Wolfbeis, O. S. Photon 
upconverting nanoparticles for luminescent sensing of temperature. Nanoscale, 22, 
7090–7096 (2012).  
93. Zheng, K., Liu, Z., Lv, C. & Qin, W. Temperature Sensor based on the UV upconversion 
luminescence of Gd3+ in Yb3+-Tm3+-Gd3+ codoped NaLuF4 microcrystals. Journal of 
Materials Chemistry C. 1, 5502–5507 (2013).  
94. Chen, L., Tse, W. H., Siemiarczuk, A. & Zhang, J. Special properties of luminescent 
magnetic NaGdF4:Yb 
3+ , Er 3+ upconversion nanocubes with surface modifications. RSC 
Adv. 7, 26770–26775 (2017). 
95. Huang, Y., Hemmer, E., Rosei, F. & Vetrone, F. Multifunctional Liposome Nanocarriers 
Combining Upconverting Nanoparticles and Anticancer Drugs. J. Phys. Chem. B 120, 
4992–5001 (2016). 
96. Li, H., Hao, S., Yang, C. & Chen, G. Synthesis of Multicolor Core/Shell 
NaLuF4:Yb
3+/Ln3+@CaF2 Upconversion Nanocrystals. Nanomaterials 7, 34 (2017). 
97. Mai, H., Zhang, Y., Sun, L. & Yan, C. Highly Efficient Multicolor Up-Conversion 
Emissions and Their Mechanisms of Monodisperse NaYF4:Yb,Er Core and Core / Shell-
Structured Nanocrystals. J. Phys. Chem 13721–13729 (2007). 
98. Vetrone, F., Naccache, R., Mahalingam, V., Morgan, C. G. & Capobianco, J. A. The 
Active-Core/Active-Shell Approach: A Strategy to Enhance the Upconversion 
Luminescence in Lanthanide-Doped Nanoparticles. Adv. Funct. Mater. 19, 2924–2929 
(2009). 
99. Prorok, K. et al. The impact of shell host (NaYF4/CaF2) and shell deposition methods on 
the up-conversion enhancement in Tb3+, Yb3+ codoped colloidal α-NaYF4 core-shell 
nanoparticles. Nanoscale 6, 1855–1864 (2014). 
100. Kong, W. et al. A General Strategy for Ligand Exchange on Upconversion 
Nanoparticles. Inorg. Chem. 56, 872–877 (2017). 
101. Ding, Y. et al. Interplay between Static and Dynamic Energy Transfer in Biofunctional 
Upconversion Nanoplatforms. J. Phys. Chem. Lett. 6, 2518–2523 (2015). 
102. Socrates, G. Infrared and Raman characteristic group frequencies. Infrared and Raman 
characteristic group frequencies (John Wiley & Sons LTD 2004).  
103. Gomes, A., Fernandes, E. & Lima, J. L. F. C. Fluorescence probes used for detection of 
reactive oxygen species. J. Biochem. Biophys. Methods 65, 45–80 (2005). 
104. Facchin, G., Minto, F., Gleria, M., Bertani, R. & Bortolus, P. Phosphazene-bound Rose 
Bengal: A novel photosensitizer for singlet oxygen generation. J. Inorg. Organomet. 
Polym. 1, 389–395 (1991). 
105. Hedayatnasab, Z., Abnisa, F. & Daud, W. M. A. W. Review on magnetic nanoparticles 
for magnetic nanofluid hyperthermia application. Mater. Des. 123, 174–196 (2017). 
106. Wee, S.-B., Oh, H.-C., Kim, T.-G., An, G.-S. & Choi, S.-C. Role of N-methyl-2-
pyrrolidone for preparation of Fe3O4@SiO2 controlled the shell thickness. J. 
Nanoparticle Res. 19, 143 (2017). 
163 
 
Emille Martinazzo Rodrigues 
107. Wang, J. et al. Synthesis of gold/rare-earth-vanadate core/shell nanorods for integrating 
plasmon resonance and fluorescence. Nano Res. 8, 2548–2561 (2015). 
108. Wang, X. D. et al. A water-sprayable, thermogelating and biocompatible polymer host 
for use in fluorescent chemical sensing and imaging of oxygen, pH values and 
temperature. Sensors Actuators, B Chem. 221, 37–44 (2015). 
109. Wang, Z. et al. Lanthanide-organic framework nanothermometers prepared by spray-
drying. Adv. Funct. Mater. 25, 2824–2830 (2015). 
110. Ren, M. et al. A cryogenic luminescent ratiometric thermometer based on a lanthanide 
phosphonate dimer. J. Mater. Chem. C 3, 8480–8484 (2015). 
111. D’Vries, R. F. et al. Multimetal rare earth MOFs for lighting and thermometry: tailoring 
color and optimal temperature range through enhanced disulfobenzoic triplet 
phosphorescence. J. Mater. Chem. C 1, 6316 (2013). 
112. Lojpur, V., Nikolic, M., Mancic, L., Milosevic, O. & Dramicanin, M. D. Y2O3:Yb,Tm 
and Y2O3:Yb,Ho powders for low-temperature thermometry based on up-conversion 
fluorescence. Ceram. Int. 39, 1129–1134 (2013). 
113. Lojpur, V., Nikolić, G. & Dramićanin, M. D. Luminescence thermometry below room 
temperature via up-conversion emission of Y2O3:Yb
3+,Er3+ nanophosphors. J. Appl. 
Phys. 115, (2014). 
114. Zhou, Y. & Yan, B. Lanthanides post-functionalized nanocrystalline metal-organic 
frameworks for tunable white-light emission and orthogonal multi-readout thermometry. 
Nanoscale 7, 4063–9 (2015). 
115. Zhou, Y., Yan, B. & Lei, F. Postsynthetic lanthanide functionalization of nanosized 
metal-organic frameworks for highly sensitive ratiometric luminescent thermometry. 
Chem. Commun. 50, 15235–15238 (2014). 
116. Cui, Y. et al. A luminescent mixed-lanthanide metal-organic framework thermometer. J. 
Am. Chem. Soc. 134, 3979–3982 (2012). 
117. Brites, C. D. S. et al. A luminescent molecular thermometer for long-term absolute 
temperature measurements at the nanoscale. Adv. Mater. 22, 4499–4504 (2010). 
118. Khalil, G. E. et al. Europium beta-diketonate temperature sensors: Effects of ligands, 
matrix, and concentration. Rev. Sci. Instrum. 75, 192–206 (2004). 
119. Wang, T., Li, P. & Li, H. Color-tunable luminescence of organoclay-based hybrid 
materials showing potential applications in white LED and thermosensors. ACS Appl. 
Mater. Interfaces 6, 12915–12921 (2014). 
120. Sun, L. N. et al. Temperature-sensitive luminescent nanoparticles and films based on a 
terbium (III) complex probe. J. Phys. Chem. C 114, 12642–12648 (2010). 
121. Balabhadra, S. et al. Boosting the sensitivity of Nd3+ -based luminescent 
nanothermometers. Nanoscale 7, 17261–17267 (2015). 
122. Debasu, M. L. et al. All-in-one optical heater-thermometer nanoplatform operative from 
300 to 2000 K based on Er3+ emission and blackbody radiation. Adv. Mater. 25, 4868–
164 
 
Emille Martinazzo Rodrigues 
4874 (2013). 
123. Rodrigues, M. et al. Implementing Thermometry on Silicon Surfaces Functionalized by 
Lanthanide-Doped Self-Assembled Polymer Monolayers. Adv. Funct. Mater. 26, 200–
209 (2016). 
124. Meert, K. W. et al. Energy transfer in Eu3+ doped scheelites: use as thermographic 
phosphor. Opt. Express 22 Suppl 3, A961-72 (2014). 
125. Cui, Y. J. et al. Dual-Emitting MOF superset of Dye Composite for Ratiometric 
Temperature Sensing. Adv Mater 27, 1420–+ (2015). 
126. Rocha, U. et al. Subtissue thermal sensing based on neodymium-doped LaF3 
nanoparticles. ACS Nano 7, 1188–1199 (2013). 
127. Wawrzynczyk, D., Bednarkiewicz, A., Nyk, M., Strek, W. & Samoc, M. 
Neodymium(III) doped fluoride nanoparticles as non-contact optical temperature 
sensors. Nanoscale 4, 6959–61 (2012). 
128. Jacinto, C. et al. Subtissue Thermal Sensing Based on Neodymium-Doped LaF3 
nanoparticles. ACS Nano 7, 1188–1199 (2013). 
165 
 
Emille Martinazzo Rodrigues 
Appendix A 
 
Figure A1: XRD patterns of the nanoparticles samples synthesized with no sodium excess 
adding (NaYbF4:Gd:Tm) and with no Gd3+ doping (NaYbF4:Tm) illustrating the α to β phase 
mixing in both cases. 
 
Illustration of the α-phase nanoparticles molecular weight calculation 
Calculation of the volume of one nanoparticle: 
Assuming a spheroidal morphology of the nanoparticle, the volume is given by: 
𝑉𝑈𝐶𝑁𝑃 =  
4
3
𝜋𝑟3  (3.1) 
Where r is the radius of the nanoparticle, obtained by TEM. Note that for other 
morphologies different from the spheroidal one is also possible to perform the calculation, 
by sampling calculating the volume of the geometrical solid corresponding to the 
nanoparticles geometry. 
1) Calculation of the volume of the unit cell: 
𝑢𝑉𝑐𝑢𝑏𝑖𝑐 =  𝑎𝑐
3  (3.2) 
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Where ac is the cubic unit cell parameter, obtained from the standard XRD 
crystallographic data. 
2) Dividing the volume of one nanoparticle by the volume of the unit cell to get the 
number of unit cells per nanoparticle: 
𝑢𝑁𝑐𝑢𝑏𝑖𝑐 =  
𝑉𝑈𝐶𝑁𝑃
𝑢𝑉𝑐𝑢𝑏𝑖𝑐
   (3.3) 
3) Summing the atomic weight of each atom composing the unit cell, the weight of 
the unit cell is calculated 
𝑢𝐴𝑊𝑐𝑢𝑏𝑖𝑐 = (2 × 𝐴𝑊𝑁𝑎) + (8 × 𝐴𝑊𝐹) + (2(1 − 𝑎𝑓) × 𝐴𝑊𝐿𝑛1) +
(2 × 𝑓𝐿𝑛2 × 𝐴𝑊𝐿𝑛2) + (2 × 𝑓𝐿𝑛3 × 𝐴𝑊𝐿𝑛3) + ⋯ + (2 × 𝑓𝐿𝑛𝑛 × 𝐴𝑊𝐿𝑛𝑛)  
(3.4) 
Note that for one cubic unit cell there are 2 units of NaLnF4 (Z=2), and for Ln
3+-doped 
nanoparticles, Ln1 is corresponding to the major Ln
3+ component while the Ln2, Ln3, … , 
Lnn are the doped components. AWNa, AWF, AWLn are the atomic weight of the sodium, 
fluorine and lanthanides, respectively. f is the molar fraction of each doped lanthanides 
(from 0 to 1 representing respectively 0% and 100% of doping), and af is given by: 
𝑎𝑓 = 𝑓𝐿𝑛1 + 𝑓𝐿𝑛2 + 𝑓𝐿𝑛3 + ⋯ + 𝑓𝐿𝑛𝑛 (3.5) 
4) Multiplying the number of unit cells in each nanoparticle by the weight of the unit 
cell, the molecular weight of one nanoparticle can be found: 
𝑀𝑊𝑐𝑢𝑏𝑖𝑐 =  𝑢𝐴𝑊𝑐𝑢𝑏𝑖𝑐 × 𝑢𝑁𝑐𝑢𝑏𝑖𝑐 (3.6) 
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Appendix B 
 
(a) 
 
(b) 
Figure B1:  Reaction mechanism for the modified Rose Bengal  functionalization at the 
nanoparticles surface. (a) EDC and NHS activation of the Rose Bengal carboxylate 
(represented by HOOC-R) and (b) attachment of the MOD-RB at the H2N-PEG-COOH 
attached at the NP surface. 
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(a) 
 
(b) 
Figure B2: Upconversion emission spectra as a function of different 980 nm laser power (a) 
and Log-log plots of the upconversion luminescence intensity versus 980 nm laser power (b) 
of the sample β-NaYb0.68Gd0.30Tm0.015Ho0.005F4@3NaYF4. 
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 (a) 
 
(b) 
Figure B3: Upconversion emission spectra as a function of different 980 nm laser power (a) 
and Log-log plots of the upconversion luminescence intensity versus 980 nm laser power (b) 
of the sample β- NaGd0.94Pr0.02Er0.02Yb0.02F4@3NaYF4. 
  
  
  
 
170 
 
Emille Martinazzo Rodrigues 
 
Figure B4: FT-IR spectrum of the sample β-NaGd0.94Pr0.02Er0.02Yb0.02F4@1NaYF4@RB. The 
spectra was obtained using the ATR technique. 
 
 
 
Figure B5: Scheme of the DPBF reaction with 1O2. Adapted from Facchin et al1.  
 
1 Facchin, G., Minto, F., Gleria, M., Bertani, R. & Bortolus, P. Phosphazene-bound Rose 
Bengal: A novel photosensitizer for singlet oxygen generation. J. Inorg. Organomet. 
Polym. 1, 389–395 (1991). 
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